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„... I was much struck how entirely vague and arbitrary is the distinction between 
species and varieties“ Charles Darwin, On the Origin of Species 
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Vorwort 
Für viele Ökologen erscheint es sicher sonderbar, eine Diplomarbeit in Richtung 
Biotechnologie zu wählen. In der Tat war es anfänglich auch für mich ein wenig 
befremdlich. Als ich mich jedoch ein wenig mit der Thematik befasst hatte, wurde mir 
schnell klar, dass jene Diplomarbeit, die mir angeboten wurde, an der Schnittstelle 
zwischen Forschung und industrieller Nutzung liegt. Bei der Auswahl meiner 
Diplomarbeit legte ich besonderen Wert darauf, sowohl moderne als auch bewährte 
Methoden zu erlernen. Auch wenn Algen vom biotechnologischen Standpunkt aus 
kein Novum sind und manche Experten das Potential von Algen für die 
Biodieselproduktion negieren, finde ich, dass es enorm wichtig ist, Algen als 
Grundlage erneuerbarer Energien oder anderer Produkte näher ins Auge zu fassen.  
Zu Beginn meiner Diplomarbeit verfasste ich ein Proposal, das unter anderem einen 
Zeitplan beinhaltete. Obwohl sich einige Dinge und Experimente im Rahmen der 
Diplomarbeit änderten, konnte ich mich trotz leichter Verzögerungen recht gut an 
diesen Plan halten. Aufgrund meiner hierbei gesammelten Erfahrungen stelle ich 
einige wenige wichtige Punkte vor, die man beim Durchführen von 
naturwissenschaftlichen Experimenten und Arbeiten von Anfang an bedenken sollte: 
Bei der Erstellung eines Plans ist es besonders wichtig, einen angemessenen 
Zeitpuffer für jeden Abschnitt einzuplanen, immerhin kann auch mal was 
schiefgehen, z.B. eine Maschine den Geist aufgeben oder ein Experiment 
missglücken. Die Wartezeit sollte nicht ungenutzt bleiben sondern verwendet 
werden, um sich Wissen anzueignen, welches anschließend für das Erreichen 
späterer Ziele wichtig ist. Bei wissenschaftlichem Arbeiten ist es ganz wichtig, 
Meilensteine zu definieren. Noch wichtiger ist es aber, laufend die eigenen 
Fragestellungen und auch die eigene Arbeit - sei es Larbortätigkeit oder Ideen und 
Überlegungen - kritisch zu hinterfragen und auf Ihre Integrität zu überprüfen. Je 
länger man sich mit einer Thematik auseinandersetzt, desto eher entwickelt man 
Ideen, die natürlich auch verfolgt werden sollen, sofern sie nicht im Konflikt mit dem 
Erreichen bereits gesetzter Meilensteine stehen. Hier gilt es abzuschätzen, wie viel 
Zeit man für die Verfolgung dieses zusätzlichen Ziels erübrigen kann und ob dadurch 
die Einhaltung anderer Ziele gefährdet wird.  
Durch dieses ständige kritische Hinterfragen kann es auch vorkommen, dass 
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während eines laufenden Experimentes erkannt wird, dass sich ein Denkfehler oder 
ein systematischer Fehler eingeschlichen hat. In diesem Fall muss schnell 
entschieden werden, ob es überhaupt noch Sinn macht, das laufende Experiment 
weiterzuverfolgen oder ob ein Abbruch des Versuches mit anschließender 
Wiederholung unter modifizierten Bedingungen in Erwägung gezogen werden sollte. 
Die Entscheidung sollte auf wissenschaftlichen Erkenntnissen basieren und 
nachvollziehbar sein. Häufig können Betreuer oder Spezialisten bei diesen 
Entscheidungen behilflich sein. Wissenschaftliche Eitelkeit ist hier fehl am Platze; im 
Rahmen einer Diplomarbeit sind solche Hilfestellungen enorm wichtig, um zu 
erkennen, wie der Hase läuft. 
 
Um das Vorwort abzurunden, möchte ich mich ganz herzlich bei meinen Betreuern 
bedanken. Prof. Michael Schagerl habe ich zu einem großen Teil die Liebe zu den 
Algen zu verdanken. Dr. Thomas Pröschold gab mir eine Einführung in die Welt der 
phylogenetischen Analysen und Dr. Tatyana Darienko öffnete mir neue Bereiche 
durch ihre Expertise bei den terrestrischen Grünalgen. Bei Dr. Franz Jirsa möchte ich 
mich auf diesem Wege für die Hilfe bei der Methodensuche, die Analyse der 
Kohlenwasserstoffe und Fettsäuren bedanken. Zu guter Letzt möchte ich mich bei 
dem gesamten Team Phycology (besonders Alfred, Nadja, Martin und Lotte) und 
dem Department für Limnologie für die Unterstützung und Freundschaften, die sich 
gebildet haben, bedanken.  
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Einleitung 
 
Der Artbegriff und Schwierigkeiten bei asexuellen Organismen am Beispiel von 
kokkalen Grünalgen. 
Warum ist es eigentlich wichtig, dass man Lebewesen kategorisiert? Für den Alltag 
ist es durchaus sinnvoll, nach Nutzung zu unterscheiden. Die Möglichkeiten der 
Nutzung ergeben sich aus den spezifischen Eigenschaften der Organismen, die 
durch die morphologischen, physiologischen und phylogenetischen Eigenheiten 
bedingt sind. Der Begriff der Kategorisierung und Klassifikation geht bereits auf die 
Philosophen im antiken Griechenland zurück. In der Tat basierten die ersten 
Einteilungen der Pflanzen auf ihren Nutzungsmöglichkeiten. Platon vertrat seine 
Ideenlehre, während Aristoteles, ein Schüler von Platon, in seinem Werk 
„Kategorien“ einen ähnlichen Standpunkt vertrat. Sie erkannten grundsätzlich, dass 
Pflanzen sich in verschiedenen Merkmalen unterscheiden. Ein weiterer wichtiger 
Schritt gelang Theophrastus, einem Schüler von Aristoteles, im 3. Jhdt. v. Chr. Er 
identifizierte das Problem, dass ein gemeinsamer Nenner zum Vergleich 
verschiedener Pflanzenmerkmale nötig ist, um Pflanzen überhaupt einteilen zu 
können (Theophrastus und Hort (Übers.) 1916) Die Lehren der alten Griechen hatten 
noch weitreichenden Einfluss auf Naturwissenschaftler in späterer Zeit. 
Augustin Pyrame de Candolle, ein Schweizer Botaniker, erwähnte 1813 in seiner 
Theorie Elementaire de la Botanique, dass die Taxonomie die Theorie der 
Klassifikation ist. Candolle glaubte, dass nur die Anatomie (ein Teilgebiet der 
Morphologie) und nicht die Physiologie eine Rolle für die Taxonomie spielt. 
Heutzutage versteht man unter dem Begriff Taxonomie jene Methoden und 
Richtlinien, die zu einer Einteilung oder auch Abgrenzung von verschiedenen 
Organismen in einzelne Gruppen dienlich sind. Der Begriff Systematik ist breiter 
angesetzt als die Taxonomie. Die Taxonomie ist vielmehr ein Werkzeug der 
Systematik, da letztere die Daten der Taxonomie verwendet, um die Vielfalt von 
Organismen zu studieren und später eventuell auch stammesgeschichtlich einordnen 
zu können. Bevor man Organismen in solche Systeme einordnen konnte, benötigte 
man allerdings spezifische Einheiten und eine einheitliche Namensgebung. Vor 1753 
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stellte die Vergleichbarkeit von taxonomischen Einheiten ein großes Problem dar, da 
eine Art häufig mit verschiedenen Artnamen (oder auch Gattungsnamen) versehen 
wurde. Wie viele andere Naturwissenschaftler und Philosophen glaubte auch Carl 
von Linné, jener schwedische Naturforscher, der mit seinem Werk „Species 
Plantarum“ 1753 die binomiale Nomenklatur begründete und somit die biologische 
Kategorisierung der Arten revolutionierte, an die Unveränderlichkeit der „von Gott 
geschaffenen“ Arten. Die Nomenklatur ist jene Wissenschaft, die für Regeln und 
Ordnung bei der Namensgebung sorgt in der die Art als basaler Grundstein innerhalb 
taxonomischer Hierarchien verwendet wird. Darwin‘s Theorie über die Herkunft und 
Veränderlichkeit der Arten wurde erst über 100 Jahre später im November 1858 der 
Öffentlichkeit präsentiert und sollte noch für Jahrzehnte danach bis in die heutige Zeit 
für Diskussionsstoff zwischen Natur- und Geisteswissenschaften sorgen. Die 
Taxonomie und die Nomenklatur ergänzen sich gegenseitig, um sich 
weiterentwickeln und vervollständigen zu können. Weitere Informationen und 
weiterführende Literatur über die Thematik können im Buch PLANT TAXONOMY 
(Stuessy 2009) gefunden werden. Tabelle 1 zeigt eine Aufstellung der gängigsten 
Artkonzepte. 
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Tabelle 1: Tabellarische Zusammenfassung der wichtigsten Artkonzepte zitiert aus PLANT 
TAXONOMY (Stuessy 2009) 
Konzepttyp Definition 
Morphologisches 
Artkonzept 
Arteinteilung aufgrund morphologischer (oder struktureller) 
Eigenschaften 
Biologisches 
Artkonzept 
1. Eine Gruppe, die sich innerhalb einer Population kreuzen 
kann und lebende Nachkommen erzeugt 
(Fortpflanzungsgemeinschaft); 
2. Die Gruppe muss reproduktiv von anderen Gruppen 
isoliert sein. 
Genetisches 
Artkonzept 
Eng verbunden mit dem biologischen Artkonzept: Jenes Set von 
Individuen, die dieselbe genetische Fracht tragen, inklusive aller 
möglichen Variationen (= Allele). 
Ökologisches 
Artkonzept 
 
Eine Art ist eine reproduktive Gemeinschaft einer Population, 
die isoliert von anderen ist, und die eine spezifische Nische in 
der Natur besetzt. 
 
Paläontologisches 
Artkonzept 
Aufgrund fehlender Informationen wird die „Paläospezies“ in der 
Praxis als eine zeitliche Momentaufnahme einer 
„Morphospezies“ gesehen. 
Evolutionäres 
Artkonzept 
Eine evolutionäre Art ist eine einzige Abstammungslinie von 
Populationen von Organismen, die dieselben Vor- und 
Nachfahren haben, die ihre Identität durch solche anderen 
Abstammungslinien erhalten und durch eigene evolutionäre 
Richtung gekennzeichnet sind. 
Phylogenetisches 
(Kladistisches) 
Artkonzept 
Der Grundgedanke: Arten sollten Endglieder in einem 
Kladogramm sein. Deshalb sollten sie holophyletisch und über 
Apomorphien (im Vergleich zum Vorfahren mit einem neuen 
Merkmal) definiert werden können. 
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Alle diese Artkonzepte haben eine monistische Natur inne, das bedeutet, dass sie 
die alleinige Gültigkeit für sich beanspruchen (Hull 1997). Jenes Artkonzept, das in 
der Biologie am häufigsten verwendet wird, ist das biologische Artkonzept. Aber 
bereits bei höheren Pflanzen, wo es häufig zu Hybridisierungen (das ist das 
Reproduktionsprodukt verschiedener Arten) kommt, bspw. bei Weizen, Kartoffeln 
oder Hafer, kann das biologische Artkonzept zu Verwirrungen führen. Noch viel 
weniger kann das biologische Artkonzept auf asexuelle Organismen angewendet 
werden, da im Zentrum dieses Artkonzepts die Kreuzbarkeit von Organismen steht. 
Da bei vielen Algen die sexuelle Reproduktion entweder nicht bekannt oder 
schlichtweg nicht vorhanden ist, kann das biologische Artkonzept deshalb nicht 
verwendet werden (John and Maggs 1997). Daher werden bei Algen taxonomische 
Artabgrenzungen mit Hilfe von morphologischen Gesichtspunkten durchgeführt 
(Morphospezieskonzept). Diese sind allerdings bei vielen Algentaxa nicht 
aussagekräftig oder schwierig durchzuführen, da sie entweder zu plastisch sind (z.B. 
Spirogyra), oder nur wenige morphologischen Charakteristika aufweisen, die für eine 
Artabgrenzung geeignet erscheinen (zB. Choricystis minor; Abb. 1). Bei Choricystis 
minor und ähnlich schwer abzugrenzenden Algen, werden zum Beispiel die Zellform, 
Zellgrößen und Autosporen zur Artabgrenzung verwendet. Autosporen sind 
unbewegliche, asexuelle Verbreitungseinheiten, die noch die Merkmale der 
Mutterzellen aufweisen. Bei den Autosporen werden die Anzahl der Zellen im 
Autosporangium und die Teilungsebenen der Zellen zur Unterscheidung 
herangezogen. Lothar Krienitz und Mitarbeiter haben bereits 1996 das Problem von 
“Nannochloris-ähnlichen“ Algen angesprochen. Aus diesen Gründen verwenden 
Phykologen (Algenforscher), häufig das morphologische Artkonzept in Verbindung 
mit dem phylogenetischen Artkonzept. Die Einheiten werden in Gruppen (= Clades) 
eingeteilt. Auch bei der Gattung Choricystis (Abb. 1) ist eine kombinierte Anwendung 
dieser beiden Artkonzepte von Vorteil, wenn man die Gattung von anderen 
“Nannochloris-ähnlichen“ (Krienitz et al. 1996) Algen unterscheiden will, da bei einer 
maximalen Zellgröße von 5 – 6 µm unter dem Lichtmikroskop nur wenige 
morphologische Unterschiede zu erkennen sind und Art- bzw. 
Gattungsabgrenzungen ohne Autosporen daher schwierig sind. 
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Abb. 1: SAG 251-1 Choricystis minor 
aus einer Erlenmeyer-Batch-Kultur in 
Bold‘s Basal Medium bei 1000-facher 
Vergrößerung.  
Dass Morphologie doch eine wichtige Rolle 
spielt, wird u. a. im 2. Manuskript über 
Choricystis klar, da Kulturen, die als Choricystis 
bezeichnet worden sind, auch morphologisch 
eigentlich klar zu anderen Gattungen abgegrenzt 
hätten werden können. Die Gattung Choricystis 
besteht aus einzelnen Zellen (selten auch zu 
zweit), die breit ellipsoidisch bis schwach 
nierenförmig geformt sind. Die Zellen sind von 
1,5 bis 6 µm lang und 1 bis 3 µm breit. Sie haben 
eine dünne Zellwand, keine Gallerte und einen 
parietalen Chloroplasten (= an der Zellwand 
gelegen). Die Zellen haben keinen Pyrenoid. 
Zum Vergleich: Die Gattung Nannochloris hat einen nackten Pyrenoid. Pyrenoide 
sind Organellen der Chloroplasten und dienen der Speicherung von v. a. RubisCO, 
dem Enzym zur Kohlenstofffixierung bei Pflanzen. Manche Pyrenoide können 
außerdem von einer Stärkeschicht umgeben sein und deshalb mit Iod-
Iodkaliumlösung gefärbt werden (Esser 1999). Während bei Prokaryoten die 16S 
rRNA (Woese 1987) als phylogenetischer Marker zur Bestimmung von Clades 
verwendet wird, werden bei Eukaryoten häufig die 18S rRNA und deren internal 
transcribed spacer regions (ITS-1 und ITS-2) inklusive der dazwischenliegenden 
5.8S rRNA verwendet (Coleman and Mai 1997, Pröschold et al. 2010) .  
 
Abb. 2: Schema jener rRNA / rDNA-Regionen, die für den Vergleich von eukaryotischen Organismen 
herangezogen werden ( ETS… external transcribed spacers, 18S rRNA… kleine ribosomale 
Untereinheit, ITS-1 und 2… internal transcribed spacers, 5.8S und 28S… Teile der großen 
ribosomalen Untereinheit, NTS… non transcribed spacers).  
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Heutzutage werden häufig die ITS-1 und ITS-2 Regionen zur Artabgrenzung 
verwendet. Besonders die ITS-2 eignet sich, weil sie sehr konservative Abschnitte 
mit einigen variablen Stellen vereint. Auch aufgrund der Häufigkeit der ribosomalen 
DNA im Genom sind die ITS-Sequenzen als phylogenetische Marker hervorragend 
geeignet (Baldwin 1992). Besonders die Sekundärstruktur der kleinen ribosomalen 
Untereinheit und der ITS-Regionen sind ein Grund für diese „konservative 
Variabilität“ (Pröschold and Leliaert 2007).  
 
Abb. 3: Darstellung der Sekundärstruktur eines ITS-2-Abschnittes der Alge Botryococcus braunii, 
isoliert aus dem Heustadelwasser im Rahmen der Diplomarbeit. Darstellung mit der Software 
Pseudoviewer. 
 
Die Sekundärstruktur dieser ribosomalen Regionen wird auch verwendet, um auf 
kompensatorische Basenaustausche (CBC) rückzuschließen. CBC’s sind Nukleotid-
Austausche, welche die Sekundärstruktur wieder herstellen oder erhalten (Pröschold 
and Leliaert 2007, Soltis and Soltis 1999). Basenpaarungen zur Erhaltung der 
Sekundärstruktur können in der rRNA nicht nur kanonisch sondern auch nicht-
kanonisch erfolgen. Bei kanonischen Bindungen handelt es sich um normale 
Watson-Crick-Paarungen (A-U und G-C), während bei nicht-kanonischen Bindungen 
auch andere Basenpaarungen möglich sind (wobei G-U die häufigste ist und die 
restlichen wie z.B. G-A, A-C, C-C und G-G sehr selten sind (Soltis and Soltis 1999).  
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Botryococcus braunii: Biologie trifft Biotechnologie 
Aufgrund der anthropogenen Verbrennung fossiler Brennstoffe ist der 
atmosphärische CO2-Gehalt so hoch wie seit über 20 Mio. Jahren nicht mehr (heute 
> 367 ppm). Vor der industriellen Revolution um 1750 lag der CO2-Gehalt noch bei 
ca. 280 ppm. Alleine in den 90er Jahren wurden jährlich durchschnittlich mehr als 6 ± 
0.4 Pg CO2 (siehe Abb. 4) durch menschliche Nutzung der fossilen Brennstoffe in die 
Atmosphäre entlassen, wobei ein steigender Trend erkennbar ist (Prentice et al. 
2001). In Abbildung 5 sind Schätzungen für den globalen Kohlenstoffzyklus aus dem 
3. Abschlussbericht des IPCC (International Panel on Climatic Change, Denman et 
al. 2007) dargestellt, einem Zusammenschluss aus Wissenschaftlern, der sich mit 
den Auswirkungen des Klimawandels auf Mensch und Umwelt auseinandersetzt. 
 
 
 
Abb. 4: Graphische Darstellung der 
Emissionen durch Verbrennung fossiler 
Brennstoffe und die miteinhergehende 
Zunahme der CO2-Konzentration in der 
Atmosphäre. Die Zunahme der 
monatlichen, atmosphärischen CO2-
Gehalte wurden gefiltert, um saisonale 
Effekte zu minimieren; vertikale Pfeile 
zeigen El Niño-Phänomene an (Prentice et 
al. 2001), 
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Abb. 5: Der globale Kohlenstoffzyklus in den 90er Jahren laut dem IPCC-Bericht von 2007. Stoff-
flüsse sind in Gigatonnen (109 t) Kohlenstoff pro Jahr dargestellt. Vorindustrielle „natürliche“ Flüsse in 
schwarz , „anthropogene“ Flüsse in rot. Netto fiel der Pool des terrestrischen Kohlenstoffs seit der 
industriellen Revolution um 39 Gt (-39 Gt = Fossile Brennstoffe (244 Gt) – atmosphärischer Anstieg 
(165 Gt) – Speicher des Ozeans (118 Gt)). Atmosphärischer Kohlenstoffgehalt und alle kumulativen 
Flüsse berechnet von 1750 bis zum Ende des Jahres 1994 (Denman et al. 2007) 
 
Nicht nur der atmosphärische CO2-Gehalt, sondern auch die Kosten für die 
Gewinnung von fossilen Brennstoffen wie z.B. von Rohöl steigen, da kostengünstige 
Abbaustätten zunehmend schrumpfen. In zunehmenden Maße muss heute an immer 
schwerer zu erreichenden oder tiefer gelegenen Zonen, etwa außerhalb der 
Schelfbereiche in Meeren, gebohrt werden, um an das schwarze Gold zu gelangen. 
Dass diese Unternehmungen für die Umwelt eine große Gefahr in sich bergen, wird 
laufend durch das Auftreten von Ölkatastrophen belegt (z.B. Deepwater Horizon, 
2010; Bohai-Bucht im Gelben Meer und Gannet-Ölfeld 2011). Ein zusätzlicher 
Nebeneffekt sind hohe Kosten für die Infrastruktur. 
Mit schwindenden Rohölreserven und dem Klimawandel findet ein allmähliches 
Umdenken in Richtung erneuerbare Energien statt. Erneuerbare Energien sind im 
Zusammenhang mit der CO2-Reduktion und CO2-Kontingenten zu sehen und 
bekommen daher auf den Märkten einen immer höheren Stellenwert. Mittlerweile 
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sind Biokraftstoffe, also Treibstoffe, die aus pflanzlicher Biomasse produziert werden, 
eine  attraktive Alternativquelle der Energieerzeugung (Scott et al. 2010). Innerhalb 
der Biokraftstoffe ist Bioethanol zurzeit marktwirtschaftlich gesehen der erfolgreichste 
Treibstoff. Bioethanol zählt zur ersten Generation von Biokraftstoffen und wird u. a. 
aus Maisstärke, Rohrzucker oder Sojabohnen gewonnen (Hill et al. 2006). Obwohl 
Biotreibstoffe der ersten Generation viele Vorteile liefern, werden sie dennoch 
kontrovers diskutiert. Einerseits muss für den Anbau wertvolles Ackerland verwendet 
werden, welches damit nicht mehr zum Anbau von Nahrung zur Verfügung steht. 
Außerdem ist die Transformation der Biomasse in Biotreibstoff mit weiterem 
Energieaufwand verbunden.  
Aus den o. g. Gründen sind daher vor allem jene Organismen für erneuerbare 
Energien interessant, die eine hohe Land-Use-Efficiency (um weniger Ackerland zu 
verschwenden) mit einer relativ hohen Produktion von Biotreibstoffen oder 
verwertbaren Feinchemikalien vereinen. Algen fallen in dieses Spektrum der 
Biotechnologen, da sie im Vergleich zu Landpflanzen keine biotechnologisch 
„nutzlosen“ Stützelemente wie Stämme generieren und für das Wachstum nur 
Nährstoffe, Wasser, CO2 und Sonnenlicht benötigen. Daher wurde Wissenschaftlern 
schon in den 70ern klar, dass Algen potentielle Kandidaten für die Produktion von 
Biotreibstoffen sind, ganz besonders jene mit hohen Lipidgehalten. 
 
Bereits 1969 haben Wissenschaftler die Physiologie der kokkalen Grünalge 
Botryococcus braunii KÜTZ, 1849 - auch bekannt als „Ölalge“ - untersucht und 
Lipidgehalte von bis zu 86 % ihrer Trockenmasse gemessen (Brown et al. 1969). 
Obwohl diese Werte von manchen Wissenschaftlern angezweifelt werden (Metzger 
and Largeau 2005), wurden von neueren Studien immerhin noch Lipidgehalte bis zu 
61% ihres Trockengewichts gemessen (Metzger and Largeau 2005). Das größte 
Problem einer kommerziellen Nutzung von B. braunii ist das langsame Wachstum. 
Bei Zellteilungsraten von 6 Tagen (Wolf et al. 1985) (zum Vergleich: Durchschnittlich 
24 h bei anderen Grünalgen (Griffiths and Harrison 2009)) ist derzeit an eine 
kommerzielle Nutzung nicht zu denken, auch wenn B. braunii die Lipide teilweise 
direkt in das umgebende Medium absondert und somit ein Aufbrachen der Zellwand 
ersparen würde. 
 
B. braunii ist eine weit verbreitete kokkale Mikroalge innerhalb der Trebouxiophyceae 
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(Chlorophyta) (Senousy et al. 2004), die sowohl in Süßwasser als auch in brackigen 
Oberflächengewässern temperater, alpiner oder tropischer Regionen auf allen 
Kontinenten vorkommt (Huang et al. 1999, Banerjee et al. 2002, Metzger and 
Largeau 2005). B. braunii wächst in birnenförmigen bis elliptischen Zellen (6-10 µm 
lang) und bildet traubige Lager (ca. 0.5 cm) (Schnepf and Koch 1978), die 
untereinander durch Gallertstränge verbunden sind (Abb. 6). Diese Gallertstränge 
bestehen aus einem Polymerkern von Aldehyden, die aus langkettigen Fettsäuren 
gebildet werden (Maxwell et al. 1968, Knights et al. 1970). Außerdem wird 
angenommen, dass B. braunii innerhalb der äußeren Zellwand Kohlenwasserstoffe 
speichert (Metzger and Largeau 2005).  
 
Abb. 6: Botryococcus braunii-Kolonie bei der 
Absonderung von Lipidtröpfchen (Isolator: Markus 
Gruber) 
B. braunii besitzt die Fähigkeit, viele 
unterschiedliche Lipide zu 
synthetisieren (Li and Qin 2005), 
deren Synthese sehr aufwendig ist 
und auf Kosten des Wachstums 
geht. Letzteres ist mitunter ein 
Grund, warum eine bio-
technologische Nutzung im 
industriellen Rahmen bis jetzt noch 
nicht erfolgreich war. Lipide 
bezeichnen eine Klasse von 
Molekülen organischen Ursprungs, 
die meist nur schwer wasserlöslich, 
aber in organischen Lösungsmitteln 
gut löslich sind.  
Innerhalb von B. braunii setzen sich Lipide u. a. aus langkettigen 
Kohlenwasserstoffen oder Isopren-einheiten zusammen und beinhalten 
verschiedene funktionelle Gruppen zB Carbonylgruppen (Metzger and Largeau 2005, 
Horton et al. 2008). Fettsäuren sind aufgrund ihrer Veresterbarkeit zu Biotreibstoffen 
interessant für die biotechnologische Nutzung, auch in Kombinaton mit der 
Gewinnung von Feinchemikalien wie zum Beispiel vielfach ungesättigten Fettsäuren 
(polyunsaturated fatty acids = PUFAs), zB Docosahexaen-Säure (6-fach ungesättigt) 
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als Nahrungsergänzungsmittel. Auch in natürlichen Ökosystemen stellen Lipide, die 
von Algen produziert werden, wichtige Nahrungskomponenten für 
Primärkonsumenten dar, da sie wichtige Quellen von Energie und essentiellen 
Nährstoffen bieten (Guschina and Harwood 2009a). B. braunii ist außerdem dafür 
bekannt, eine Reihe von Etherlipiden zu synthetisieren (Metzger and Largeau 2005). 
Seit man erkannt hat, dass gewisse Taxa der Mikroalgen hohe Lipidkonzentrationen 
beinhalten, hat man versucht diese zu gewinnen und für menschliche Zwecke zu 
nutzen, u. a. auch von B. braunii (Hillen et al. 1982). Die Art Botryococcus braunii 
kann in drei Chemotypen unterteilt werden, die als chemische Rassen A, B und L 
bezeichnet werden. Diese Rassen sind nicht aufgrund ihrer Morphologie, sondern 
aufgrund verschiedener Inhaltsstoffe beschrieben (Price and Price 1999, Metzger 
and Largeau 2005); Tabelle 2). Im Fall von B. braunii kann auch aufgrund der 
Färbung in der stationären Kulturphase auf die Rassenzugehörigkeit geschlossen 
werden. Die Rassen B und L färben sich in der stationären Phase rötlich-orange oder 
bräunlich-orange, was auf eine Anhäufung von Keto-Karotenoiden (Kanthaxanthin, 
Echinenon, Adonixanthin etc.) zurückzuführen ist (Banerjee et al. 2002); Rasse A 
wechselt ihre grünliche Farbe in ein blasses gelb.  
 
Tabelle 2: Unterschiedliche Merkmale der drei B. braunii-Rassen aus Banerjee et al. (2002) 
 Rasse A Rasse B Rasse L 
Art der 
Kohlenwasserstoffe 
C25-C31 
ungerader n-
Alkadiene / 
Alkatriene 
Botryococcene 
(Triterpene) 
CnH2n-10, n = 30-
37 
Lycopadiene 
(Tetra-terpene) 
C40 H78 
Farbe der Kolonie in 
der stationären 
Phase 
Blassgelb oder –
grün 
Rötlich-orange oder bräunlich-orange 
aufgrund Karotenoidakkumulation 
Langkettige 
Alkenylphenole 
Vorhanden Fehlen Fehlen 
Art der Biopolymere 
Lange, durch Etherbrücken 
querverlinkte, aliphatische Ketten mit 
Fettsäuren 
Tetraterpenoide 
querverlinkt durch 
Etherbrücken 
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Da B. braunii nur sehr geringe Verdopplungsraten der Biomasse aufweist (Wolf et al. 
1985) haben sich manche Wissenschaftler auf genetische Manipulation von B. 
braunii spezialisiert. Eine andere Herangehensweise ist jene, phylogenetisch nah 
verwandte Arten zu untersuchen, in Hinsicht auf ihre Wachstumsraten und die 
Produktion verwertbarer Stoffe (zB Kohlenwasserstoffe oder Fettsäuren). 
 
Ziele der Diplomarbeit: 
 
- Vergleich von Botryococcus braunii Isolaten hinsichtlich produzierter 
Kohlenwasserstoffe, Morphologie und Phylogenie der 18S rDNA (inkl. ITS-2). 
Die Morphologie wurde dabei mit konventioneller Lichtmikroskopie und 
Konfokaler Laser Scanning Mikroskopie untersucht. 
- Abschätzung des biotechnologischen Potentials von C. minor im Hinblick auf 
Fettsäuren und Kohlenwasserstoffen. 
- Unterscheidet sich das Fettsäureprofil von C. minor von belüfteten Kulturen im 
Vergleich zu unbelüfteten Wachstumsbedingungen? 
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Abstract 
Botryococcus braunii is a colonial green algae within the Trebouxiophyceae and well 
known for its ability to produce high amounts of long-chained hydrocarbons. Up to 
date, scientists have mainly focused on physiological and genetic aspects of this 
species to explore its potential as renewable energy source. We followed a more 
comprehensive approach and compared the phylogeny (SSUrDNA, ITS-1, 5.8S 
rDNA and ITS-2), morphology and hydrocarbons (GC/MS) of seven B. braunii 
isolates. Phylogenetic analyses revealed that the examined Botryococcus-strains 
belong to four sub-clades within a monophyletic lineage of the Trebouxiophyceae; 
the hydrocarbon analyses propose once more the presence of three chemical races 
and considerable variation within the B-race. Morphological analyses disclosed a 
significant positive correlation among length-width ratios, stratified mucilage and 
phylogeny based on ITS-2 sequences (Mantel-test, r=0.56, p=0.04). Especially the 
ITS-2-region of strain Bot 13 was distinct from the others showing a GC-content of 
72.3% whereas the remaining clones varied from 62.9 to 64.4%. Our results suggest 
that the investigated Botryococcus strains represent at least four different species, 
however, to resolve the issue, more strains should be included. 
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Introduction 
Botryococcus braunii KÜTZ, 1849 is colonial green microalga occurring worldwide in 
fresh and brackish surface waters in temperate, alpine or tropical regions (Huang et 
al. 1999, Metzger & Largeau 2005, Jasprica et al. 2005). Within the order 
Tetrasporales, B. braunii was formerly put into the family of Botryococcaceae (Wille 
1909). Recent studies suggested to shift the genus into the clade Trebouxiophyceae 
(Senousy et al. 2004, Weiss et al. 2010). The genus Botryococcus develops irregular 
colonies consisting of hundreds of elliptical to pyriform cells sometimes 
interconnected by strands of tough mucilage (Li & Qin 2005). These strands are 
comprised of a polymer core of aldehydes, which are synthesized from long-chain 
fatty acids (Maxwell et al. 1968, Knights et al. 1970). Opinions concerning the 
species classification among the genus are controversial. Whereas Komarek & 
Marvan (1992) distinguished 13 different species of 47 samples based on 
morphology, subsequent publications mostly refer to just one species, B. braunii, as 
this species itself shows a high variability of morphology (Plain et al. 1993)depending 
on environmental factors (Senousy et al. 2004) or culture conditions. Taxonomists 
ascribe the confusion within the genus Botryococcus not only to the vague 
description of the type species, B. braunii, but also to the high variability within the 
genus (Komarek & Marvan 1992).  
A special characteristic of Botryococcus is its ability to synthesize and accumulate a 
variety of lipids (Li & Qin 2005), numerous hydrocarbons and a number of specific 
ether lipids (Metzger & Casadevall 1991).  This feature has led to a pile of 
publications on this taxon and of course attracted also various companies. 
Hydrocarbon contents up to 86 % per unit dry mass have been observed in B. braunii 
(Brown et al. 1969). This characteristic has led to even more attention in the last two 
decades in efforts to harvest lipids of B. braunii as these hydrocarbons might be 
extracted and converted into fuels such as gasoline or diesel by catalytic cracking 
(Hillen et al. 1982). The observed slow mass doubling times of 6 days in ambient air 
cultures  and 40 h in CO2-enriched cultures of B. braunii (Wolf et al. 1985) and the 
problems in upscaling technology from laboratory to industrial scale are still the 
limiting factors for the successful industrial use. It is generally acknowledged that 
common ancestors of B. braunii played an important role in the formation of oil shale 
deposits and hydrocarbon source rocks, and thus contributed to currently exploited 
fossil oil pools (Stasiuk 1999, Glikson et al. 1989). 
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In general, B. braunii can be devided into three diﬀerent chemotypes (= races), which 
have been described using the composition of hydrocarbons between C23 and C40. 
B. braunii producing C23 to C31 odd numbered n-alkadienes, mono-, tri-, tetra- and 
pentaenes, which are derived from fatty acids are termed as “race A” (Metzger et al. 
1997). The so called “race B” is characterized through a typical production of C30 to 
C37 unsaturated hydrocarbons, designated as botryococcenes, and small amounts 
of methyl branched squalenes (Metzger & Largeau 2005). The so called “race L” is 
known to produce a C40 tetraterpenoid compound known as lycopadiene (Metzger et 
al. 1997, Metzger & Casadevall 1987). The chemical races are also reflected in the 
color of the colonies during the stationary phase: B and L appear red-orange to 
orange- brownish, while A is pale yellow to pale green (Qin 2010). 
In this study, we were interested in the classification of seven Botryococcus-clones 
isolated in the vicinity of Vienna. We expected low diversity as the collection sites 
were situated quite closely to each other. Moreover, we tried to link results of the 
phylogeny to the chemical fingerprints of the strains and to their morphology. A 
morphomatrix containing several characteristics was constructed and compared with 
ITS-2 sequences and with hydrocarbon profiles. B. braunii strains were also stained 
with the unspecific lipophilic staining dye Nile Red in order depict the location of lipids 
within the colonies and within the cells. 
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Material and methods 
Algal strains and culture conditions 
Several strains of B. braunii were isolated from several water bodies, most of them 
under anthropogenic influence, in the vicinity of Vienna (Figure 1 and Table 1). 
Strains were grown in unaerated, static Erlenmeyer batch cultures in three-fold 
nitrogen enriched 3N BBM+V nutrient media (Starr & Zeikus 1993, Bischoff & Bold 
1963, Bold 1949) at 20 °C and at a 16 h light to 8 h dark cycle (irradiance provided 
12 µmol m-2 s-1). 
 
Light microscopy and CLSM 
Light microscopy of every strain was conducted with a Zeiss Axio Imager II 
microscope under standard culture conditions; microphotographs were taken with a 
digicam (Axiocam MRc5) and saved for further morphometric analyses. Lengths and 
widths of 100 cells of each strain were measured with the image processing program 
ImageJ 1.440. Furthermore, a mixed matrix based on metric (length, width, 
length:width-ratios) and binary coded morphological traits (binary: such as 
occurrence of pyrenoids, central vacuole, coloration of mucilaginous matrix, 
stratification of mucilage, occurrence of mucilaginous strings or oil droplets) was 
constructed. Statistical analysis of morphological data was conducted with the GNU 
software R Version 2.12-2 (Maechler et al. 2008).  
 
In addition, the location of lipophilic compounds within the cells was examined by 3D 
construction of selected colonies with CLSM. For lipid staining, the lipophilic staining 
dye Nile Red (Sigma N3013) was chosen. A solution was accomplished by dissolving 
2.5 mg of Nile Red in 10 mL acetone and storing it in a refrigerator protected from 
direct light. Algal suspensions were mixed with the dye until a final concentration of 
40 µg Nile Red mL-1 suspension was reached and then vortexed vigorously and 
incubated in complete darkness for 10 to 15 min. Finally the algal-stain suspension 
was put on a glass slide and closed with nail polish. Stained and unstained colonies 
of B. braunii were depicted on a Leica DMIRE 2 inverted microscope combined with 
a CTR-MIC control box and a TCS SP2 confocal fluorescence microscope system 
under 40x, 63x and 100x Plan Neofluar oil immersion objectives. Colonies were 
excited with a krypton/argon Laser at 488 nm (for Nile Red) and a helium/neon Laser 
at 633 nm (for chlorophyll autofluorescence). Laser beam intensity was set up as 
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proposed by internal guidance at a low level to prevent fluorescence quenching. Two 
refraction grid filterblocks were used simultaneously, K1 in channel 1 for transmitting 
Nile Red at wavelengths from 520 to 570 nm and K2 in channel 2 for transmitting 
chlorophyll fluorescence from 640 to 740 nm. Imaging and 3D imaging of z-stacks 
was performed with Leica Confocal Software Version 2.61 (Leica Microsystems 
Heidelberg GmbH) depicting Nile Red in green and chlorophyll fluorescence in red 
color. Pinhole adjustments were used as automatically calculated by the software. 
 
Hydrocarbon extraction and analysis 
Algal suspensions were filtered through glass fiber filters (Munktel, Grade C), which 
consecutively were frozen for at least 30 minutes at -20° C to aid cell bursting. 
Hydrocarbons were extracted according to EN 14039 (CEN 2004). 7.5 mL 
acetone:heptane (v:v = 2:1) mixture were added as solvent before samples were 
homogenized with a Polytron PT 1600E dispersing device and centrifuged at 4,000 
rpm for 10 min (Eppendorf Centrifuge 5804). Extraction and centrifugation was 
repeated until the precipitate appeared whitish. The supernatant was washed twice 
with MiliQ-water (12.5 mL) into a 100 mL separating funnel. Polar substances and 
residual water were removed from the organic phase with a common silica gel 
column (60 å, mesh size 100-130 µm, Sigma Aldrich) and water free sodium sulfate 
(Sigma Aldrich). Before injection, the extract was filtered through 0.2 µm nylon filters 
(Acrodisc). The analysis of hydrocarbons was conducted with a Clarus 500 GC-MS 
(Perkin-Elmer) equipped with an ELITE 5-MS column (30 m x 250 µm) for substance 
separation. The initial temperature was set to 80 °C with a rate of temperature 
increase of 5 °C min-1 up to 280 °C, held for 17 min and another temperature-
gradient of 5° C min-1 (up to 350 °C total time was 71 min). Carrier gas was Helium at 
a flow rate of 2.3 ml min-1, injector temperature 360 °C. Retention times were 
controlled by analyzing a C10 – C40 standard mixture (Sigma Aldrich). The MS 
(El+mode at 70kV) was set to scan for m/z (mass-to-charge-ratio, dimensionless unit) 
between 33 – 600. Spectra were identified by comparing them with the NIST 
standard reference database (Version 2.0). In addition to the Botryococcus-strains, 
Choricystis minor (SAG 251-1), a closely related taxon was investigated in terms of 
its potential to produce a similar range of hydrocarbons. 
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SSU analyses 
Genomic DNA of B. braunii and close relatives was extracted by using the DNeasy 
Plant Mini Kit (Qiagen GmbH) and following the enclosed manual. The 18S, 5.8S and 
ITS rDNA-regions were amplified by PCR according to Pröschold et al. (2005) using 
the Taq PCR Mastermix Kit (Qiagen GmbH) with the primers EAF3 and ITS055R 
(Table 2). PCR products were purified with the QIAquick PCR purification kit (Qiagen 
GmbH) and finally sequenced with BigDye® (ABI, Applied Biosystems). For 
sequencing, 8 primers (four forward and four reverse primers) were used in order to 
gain the whole SSU inclusive ITS-regions. Sequence assembly was arranged with 
DNA-Baser (R-Development-Core-Team 2011) and manually edited when 
necessary. Multiple Sequence alignment was conducted and edited with the open 
source software JalView (Version 11) (Clamp et al. 2004) and the implemented 
MAFFT web-plugin (Katoh et al. 2005). Phylogenetic distances were calculated with 
RAxML GUI (version 1.0) (Stamatakis 2006), with PAUP 4.0b (Swofford 2002) and 
Mr. Bayes (Huelsenbeck & Ronquist 2001). Bootstrap analyses (100 replicates) were 
conducted in RAxML (ML) and in PAUP 4.0b (MP). For Bayesian inference in MB, 1 
000 000 generations were calculated, using the GTR and covarion models. Trees 
were depicted with Mesquite (version 2.75) (Maddison & Maddison 2011). For 
phylogenetic inference, a modified alignment of Darienko et al (2010) with additional 
sequences, derived from the NCBI database were applied. 
 
Analyses of ITS-2 and its secondary structure 
For tree inference, MAFFT-aligned  ITS-2 sequences  were used (Katoh et al. 2005) 
and a MP-tree calculated with PAUP4.0b. Clades and subclades were statistically 
estimated with bootstrap values for ML and MP (100 replicates). For ML the 
evolutionary model was chosen by Modeltest 3.7 by comparing AICc (Posada & 
Crandall 1998). Further, bayesian inference values were calculated with MB 
(Huelsenbeck & Ronquist 2001) via MCMC (Markov chain Monte Carlo), a method to 
approximate the posterior probabilities of trees. MB-values were inferred from 
2000000 generations with MCMC by using the GTR-model. Coccomyxa sp. was 
used as outgroup due to the phylogenetic position (sister group) within the 
Trebouxiophyceae.  
The ITS2 secondary structures of B. braunii strains were constructed with mfold and 
compared with existing ones of the ITS2-database (Koetschan et al. 2010, Schultz et 
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al. 2006). Further, secondary structures of the investigated strains were compared 
with 4Sale (Seibel et al. 2006) and finally depicted with Pseudoviewer 2.5 (Byun & 
Han 2006). 
 
Comparative approach 
In a comparative approach, morphological features were combined with phylogeny 
and hydrocarbons. For morphology, distance-matrices were calculated with the 
daisy-function of the cluster-package (Maechler et al. 2005); Gower distances were 
used for metric parameters, Euclidean distances for binary ones. For phylogenetic 
inference, a matrix containing ITS2-sequences was established with the ape-
package in R (Paradis et al. 2004). A binary distance matrix was calculated for the 
hydrocarbon-profiles designated as “race A”, “B” and “L”. Finally, matrices were 
compared with Mantel-tests calculated in R by using the vegan-package (Oksanen et 
al. 2011). For the Mantel-tests, Bonferroni adjustments of p-significance levels were 
neglected in order not to increase the beta-error. Problems with Bonferroni-
corrections in multiple statistics were mentioned previously (Perneger 1998). 
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Results 
Morphology 
Observed isolates showed a high variability (see photoplate in Figure 2). Pyrenoids 
were not visible, the majority of the cells were surrounded more than ¾ by a 
mucilaginous matrix which was, in combination with the metric measurements, a 
good indication that the investigated strains belong to the “species” B. braunii 
(Komarek & Marvan 1992). Some of the strains’ colonies showed a clear stratification 
of mucilage (Bot 3, 5, 7, 11, 16); the release of lipid droplets was only observed from 
Bot 4, 5, 11 and 13. A coloration of the surrounding mucilage matrix was only found 
in Bot 11. In general, mean cell lengths ranged from 9.80 µm to 12.52 µm; Bot 3 and 
11 appeared to have the shortest cells (9.80 and 10.01 µm) whereas Bot 16 had the 
longest mean length (12.52 µm). Mean cell width ranged from 6.7 to 9.38; herein Bot 
11 had the narrowest (6.7 µm) and Bot 16 the widest (9.38 µm). However, variation in 
both, length and width measurements, was rather high (Table 3) and patterns were 
varying from each other and particularly from length:width ratios. 
Comparison of length:width-ratios proposed significant similarities (n=100, p > 0.05) 
among strains Bot 3, 5, 7 and 16; Bot 4 and Bot 13 showed significant dissimilarities 
in comparison to the other strains Table 4). Even though, the statistical similarity of 
Bot 5 and Bot 11 was significantly, but poor (p = 0.07). The narrowest cells according 
to mean length:width ratios were observed within Bot 11 (1.51) and Bot 13 (1.62) 
strains. Bot 4 showed a more circular to obovoid cell shape than an elliptic one with 
the lowest mean length:width-ratio of 1.17 (Table 3). Among the morphological 
measures only the length:width-ratio was normally distributed (KS-test, p>0.05); 
homoscedasticity was never given (Bartlett-test, p<0.05), thus, a non-parametrical 
pairwise Mann-Whitney-Wilcoxon rank sum test with Bonferroni adapted values was 
conducted (Table 4). Cell lengths showed significant similarities among strains Bot 4, 
7 and 13 and also between Bot 3 and 11. Among all morphometric traits, the Mann-
Whitney rank sum test revealed significant differences among Bot 11, 13 and 16, 
among Bot 3, 4 and Bot 5, 7 and 11 (Table 4). 
 
Hydrocarbons 
Our strains covered all chemical races described so far (Fig. 3). The peak at 50.49 
min was identified to containas several not well resolved lycopadiene isomers 
according to Zhang et al. (2007) (Figure 4). Mass spectra within this peak were 
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differing over time but showed high similarities to the spectra of lycopadiene. 
Samples displaying this peak were classified as L race. As an explicit identification of 
the mass spectra in the remaining samples was not possible, the distinction between 
races A and B was made by using retention time patterns, comparing the samples to 
the C10-C40 standard. In Figure 5, a chemotype-tree depicts the strains of this 
survey with respect to their chemical race. Hydrocarbon analysis of Choricystis minor 
(SAG 251-1) revealed that this strain has not the potential to synthesize such a wide 
range of hydrocarbons as B. braunii. 
 
Molecular phylogeny of B. braunii 
The phylogenetic analyses of our B. braunii isolates suggest a monophyletic lineage, 
called Botryococcus-clade within the Trebouxiophyceae. Within this lineage 
Botryococcus-clade, Bot 3, 4, 5 and 16 make up a monophyletic sub-clade; herein 
Bot 4 was closer related to a Titicaca isolate. Bot 7 and 11 were also closely related 
and made up a sub-clade as well. Bot 13 has an outstanding position within the clade 
in comparison to the remaining strains (see Figure 6). NCBI-BLAST searches of the 
assembled SSU-sequences including ITS-2 classified every strain as Botryococcus 
braunii with high sequence similarities (≥99%) to already existing ones. Bot 3, 4, 5 
and 16 showed highest similarity with CCAP 807/2; Bot 7 and 11 showed highest 
similarity with Tow 9/21 P-16w and Bot 13 was highly similar with strain AGB-Bb01 
(see all Table 1). However, the phylogenetic SSU tree was not congruent with the 
NCBI-Blast search. Concerning the SSU-phylogeny, the most likely tree is depicted 
in (Figure 6) based on 140 taxa and 1747 aligned base positions (Final ML 
optimization likelihood: -ln = 12874.301442, alpha =0.196099, tree-length: 2.117129; 
A = 0.247402, C = 0.218786, G = 0.279683, T = 0.254128, [A-C] = 0.892665, [A-G] = 
1.690773, [A-T] = 0.794386, [C-G] = 1.248295, [C-T] = 4.723091, [G-T] = 1.0000; 
majority rule); the Oocystis-clade was used as outgroup as proposed by Darienko et 
al. (2010).  
For the calculation of the ITS2-tree,  MP was used and several strains were included 
from the ITS-2 database and marked with their NCBI-accession numbers (Figure 7). 
For the ITS-2 tree, nucleotide frequencies were calculated as follows: A = 0.186, C = 
0.348, G = 0.306,  T = 0.161 (-lnL= 1083.75, AICc = 2238.24; rate matrix: A-C 1.000, 
A-G 2.4231, A-T 1.000, C-G 1.000, C-T 4.7318, G-T 1.000; likelihood of the tree: -lnL 
= 1082.20). 
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ITS-2 nucleotide sequences had a mean length of 229 nt (SD ± 10.49 nt); lower and 
upper limits reached from 221 to 249 nt with varying, but generally high GC-contents 
from 62.9 to 72.3 %. The highest GC-content of 72.3 % was observed in Bot 13, the 
remaining ones were between 62.9 to 64.4 %. For ITS-2 sequences, mean base 
frequencies were calculated as follows: A = 0.1824, C  = 0.3555, G = 0.2970, T = 
0.1652. 
The different secondary structures (Figure 8) were congruent with the SSU and ITS-2 
trees; helix designation followed Coleman & May (1997). Helix II appeared to be the 
most conservative helix among the four identified. Herein, only Bot 13 showed a 
base-pair insertion at the apical loop-region. Concerning secondary structures, only 
differences are shown; species differentiation based on CBCs or hCBCs were not 
intended. Within Helix I, three main different structure-types were observed (Figure 
8). Bot 3, 4, 5 and 16 had a similar structure, but Bot 7 and 11 showed some 
differences. Moreover, the third structure-type of Helix I in Bot 13 revealed that Helix 
III had a high variety within the bottom stem but showed high conservation in the 
upper regions.  
Combined analyses 
The combined analyses revealed no significant correlation when all morphological 
characters where included, neither in comparison with the ITS-2 nor with the 
hydrocarbon matrix (Mantel, p > 0.05, bootstrap = 1000). Reducing the morphological 
features to the parameters length:width ratio and stratified mucilage resulted in a 
positive significant correlation (Mantel-test, r = 0.56, p = 0.04, bootstrap = 1000) with 
the ITS-2 DNA matrix.   
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Discussion 
 
Morphology 
The invisibility of pyrenoids and the fact that most single cells were embedded into ¾ 
of mucilage in combination with the metric measurements indicated that all strains, 
according to Komarek & Marvan (1992), belonged to the species B. braunii. 
However, quite some variation among cell lengths, widths and observed characters 
could be observed inspite of identical growth conditions and time of investigation. Bot 
11 was clearly classified to race L based on the hydrocarbons. Metzger and 
collaborators (1997) mentioned that cells of race L were smaller than those of other 
races. Also for Bot 11, low mean cell widths and lengths were found (Table 3), but 
strains from other chemotypes had even smaller cell measures. So, cell size may not 
be suitable for race identification, which was also indicated by the combined analysis 
(Mantel, p>0.05).  
Some authors mentioned (Qin 2010) that coloration of the mucilaginous matrix was 
only observed in races B and L, but we only found colored mucilage in strain Bot 11 
belonging to the race L; contrarily, race B did not show this feature within the 
stationary phase. The length:width-ratio seemed to be a rather robust character as it 
gives information about the cell shape (obovoid or elliptic). Interestingly, mean values 
correlated well with the ITS-2 matrix. Komarek and Marvan (1992) already mentioned 
the “enigmatic problem” of high variation within the genus, e.g. due to the visibility of 
pyrenoids, the production of oil droplets or autospore formation. Using the Mantel-
test and trying in that way to combine matrices with different data qualities is one way 
to find similarities and dissimilarities (Dinca et al. 2011, Mahani et al. 2009, Skaloud 
2008), which we also took. The coincidence that the length:width-ratio correlated 
positively with our ITS-2 sequences, proposes that this metric measure could be a 
proper character for species classification within the Botryococcus-clade. For further 
taxonomic classification and differentiation however more strains have to be checked 
to get a more comprehensive view. The same holds true for the mucilaginous 
stratification.  
 
Phylogeny and physiology 
Phylogenetic analyses underline once more a monophyletic relationship to the genus 
Choricystis within the Trebouxiophyceae (Senousy et al. 2004, Weiss et al. 2010). 
Previous phylogenetic (18S rDNA) studies proposed a mcongruency between SSU-
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phylogeny and chemotypes (Weiss et al. 2010, Senousy et al. 2004). 
Notwithstanding, our hydrocarbon analyses indicated a polyphyletic distribution within 
race B (Figure 5). Both SSU and ITS-2 sequences revealed that the chemotype 
classifications are artificial from a phylogenetic point of view. Moreover, essential 
pathways for fatty acids (most likely the precursors of hydrocarbons) (Laureillard et 
al. 1986, Radakovits et al. 2010) are generally meant to be core and plastid-coded 
(Ke et al. 2000), thus it seems that SSU regions may not comparable to the 
hydrocarbon profiles and different markers may be found within the plastid-genome. 
CLSM-pictures revealed that lipids were not distributed within the chloroplasts but  
within the cytoplasm which could indicate that both, nuclear coded and plastid coded 
genes are involved as primary products of photosynthesis are stored within the 
chloroplast. Too, the mucilageneous matrix was stained by Nile Red. Further 
analyses of the hydrocarbon profiles of our strains are needed, e.g. with other 
reference substances such as squalene (Metzger & Largeau 2005) for a more 
precise identification of the B race and its constituents. However, the comparative 
analysis of the chemotypes with the ITS-2 sequences did not significantly compare 
(Mantel, p > 0.05).  Choricystis minor did not fit to any of the hydrocarbon-profiles, 
which suggests that an ancient Botryococcus-strain may have developed this habit 
apomorphically. Maybe, the possibility to produce these compounds has led to a 
species differentiation. Another possibility could be that C. minor has lost this 
pathway secondarily. 
In that study, ITS regions were amplified with primers overlapping with the start of the 
18S rDNA and overlapping at the end of the ITS-2 regions, which resulted in a 
successful PCR-product. The PCR-product was afterwards sequenced with 8 
sequence primers and assembled. The direct use of ITS-specific primers for 
obtaining the PCR product did not work, maybe due to GC-rich ITS-2 regions, which 
would have needed higher annealing temperatures. However, our goal was not to 
resolve the relationships within Trebouxiophycean clade, but among our isolates in 
the Botryococcus-clade and herein the presence of at least three clades seem to be 
rather robust (Figure 6, Figure 7).  
The ITS-2 sequences showed a wide variation. GC-contents of more than 70 % were 
observed earlier in higher organisms such as Odonata (Dumont et al. 2005); for other 
chlorophycean ITS-2 sequences, GC-contents ranging from 36.8 to 59.9 % were 
calculated (Keller et al. 2008). Thus, the high GC-content of 72.3 % in Bot 13 is 
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remarkable and most likely only possible due to its high C-contents within hair pin-
regions. The secondary structure (Figure 8) and the presence of an intron from base 
position 1323 to 1780 (not implemented in the SSU tree) underscores the distinct 
position of Bot 13 within our investigated strains. In general, GC-content seems to be 
a good predictor for the inference of sub-clades within the clade itself; strains Bot 11 
and 7 (63.7 and 64.4 %) make up a sub-clade and the remaining ones with slightly 
lower GC-contents (62.9 respectively 63.4 % for Bot 4). Comparing the ITS-2 
secondary structure of the helix III proposes a split into four clades. The differences 
within the clade containing Bot 3, 5 and 16 could be designated as clade A, Bot 4 as 
clade B, Bot 11 and 7 as clade C and finally Bot 13 as clade D. This pattern is 
congruent with the SSU-tree of our strains. Helices IV appeared to be just very 
shortly and seem to be very variable as mentioned previously (Coleman 2000). 
Geographical patterns were not investigated. Nevertheless, from a morphological 
and a genetic viewpoint of view, a relatively high variation was found within short 
distances. 
Although this study does surely not resolve the confusion within the species B. 
braunii, it hopefully gives a hint of how morphological features could fit to rDNA-
sequences and to physiology. Although scientists want to see biology move from its 
descriptive roots to inferential heights, we must not forget that descriptive biology still 
matters which may be an egocentric point of view but is shared by others (Grimaldi & 
Engel 2007). Indeed, our data propose that B. braunii should be split up into at least 
three different species. However, B. braunii is still a black box if we take a look on the 
polyphyletic race-distribution and therefore more cryptic than ever. For further 
revelation within the “Botryococcus-clade”, efforts should be conducted to isolate and 
sequence B. protuberans and compare sequences with existing ones. 
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Figures 
 
Figure 1. Austrian isolation sites of the genus Botryococcus. 
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Figure 2: Photoplate of investigated B. braunii strains. Black scale bars: 20 µm; white scale bars: 75 
µm. Microphotographs were taken by Tatyana Darienko and Markus Gruber. 
A and B. Botryococcus braunii isolate “Bot 3“; photo B a young colony of B. braunii. 
C and D. Botryococcus braunii isolate “Bot 4“; photo D depicts a mature cell of B. braunii (arrow) 
E and F: Botryococcus braunii isolate “Bot 5“ 
G: Botryococcus braunii isolate “Bot 7“ 
H and I: Botryococcus braunii isolate “Bot 11“ 
J and K: Botryococcus braunii isolate “Bot 13“, photo L shows polysaccharides stained with methylene 
blue 
L: Botryococcus braunii isolate “Bot 16“  
CLSM-photo of a colony stained with Nile red; autofluorescence in red, Nile red-stained 
compounds in green 
M: Botryococcus braunii isolate “Bot 4“ while lipid excretion 
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N: Botryococcus braunii isolate “Bot 3“; Nile red stained lipid droplets clearly visible within the cells. 
O: Botryococcus braunii isolate “Bot 11“ 
P: Botryococcus braunii isolate “Bot 13“ 
Q: Botryococcus braunii isolate “Bot 13“; huge mucilagenous strand connecting to colonies. 
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Figure 3: Excerpt of the observed hydrocarbon profiles via gas chromatography. Race A and B were 
inferred due to their retention times.  
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Figure 4: Lycopadiene identification according to mass spectrogram of the peak at retention time 
50.49 in Figure 3 (Race L) for Botryococcus-strain „Bot 11“ (Zhang et al. 2007). 
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Figure 5: Chemotype tree of observed B. braunii strains according to GC/MS identification with cluster 
analysis using Ward’s distance. 
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Figure 6: Molecular phylogeny of investigated Botryococcus-strains within the Trebouxiophyceae.  
The most likely tree was inferred with RAxML GUI based on 140 taxa and 1747 aligned base positions 
by using the GTR-model (Final ML optimization likelihood: -ln = 12874.301442, alpha =0.196099, tree-
length: 2.117129; A = 0.247402, C = 0.218786, G = 0.279683, T = 0.254128, [A-C] = 0.892665, [A-G] 
= 1.690773, [A-T] = 0.794386, [C-G] = 1.248295, [C-T] = 4.723091, [G-T] = 1.0000; majority rule); the 
Oocystis-clade was used as outgroup as proposed by Darienko et al. 2010. Bayesian values (MB) 
(>0.50; italic bold) were calculated using the GTR substitution model for 1000000 generations. 
Maximum parsimony (MP) was inferred using PAUP4.0b10 (Oocystis as outer group too) (100 
replicates; regular). Sequence alignment was extended by Darienko et al. (2010); clade designation 
follows (Proeschold & Leliaert 2007) Big white boxes give node supports as indicated in the legend; 
small white boxes only give ML-bootstrap supports. Red arrows indicate statistical support for nodes 
and investigated strains. 
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Figure 7: Phylogentic tree based on MP according to ITS-2 sequences. Botryococcus-strains in bold 
refer to new sequences from this study. Selected model with Modeltest: TrN+G (-lnL= 1083.75, AICc = 
2238.24, assumed nucleotide frequencies A = 0.186,  C = 0.348,  G = 0.30550,  T = 0.161), Likelihood 
of the tree: -lnL = 1082.20. For MP and ML Bootstrap values (n =100) were calculated; MB-values 
were inferred from 2 000 000 generations with MCMC by using the GTR-model. Newly derived 
sequenced strains in bold. 
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Figure 8: Secondary structures of ITS-2 sequences with focus on the four main helices. Helix 
numeration follows Coleman & Mai (1997). The black box in helix II indicates a base pair insertion; 
white boxes designated with @-letters in helices III indicate RNA-processing sites. The figure only 
shows that there are differences concerning ITS-2 secondary structures of investigated strains. 
Species differentiation based on CBCs or hCBCs were not intended.
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Tables 
 
Table 1 Botryococcus-strains with corresponding sampling sites in Austria, colors in stationary phases due to secondary carotenoids, chemical race designation, 
species identification and NCBI BLAST-search results. 
Strain # Sampling site 
Color of 
stationary 
phase 
Chemical 
Race 
Identification  
according to (Komarek 
& Marvan 1992) 
NCBI 
BLAST-search result 
Max-ident NCBI 
BLAST-search 
Strain 
Bot 3 Wasserpark, 
Vienna 
Green B B. braunii FR865761 99% CCAP 807/2 
Bot 4 Planasee, 
Fischlham 
Green A B. braunii FR865761 99% CCAP 807/2 
Bot 5 Zittmerteich, 
Fischlham 
Green B B. braunii FR865761 99% CCAP 807/2 
Bot 7 Hanslteich, 
Vienna 
Green B B. braunii AY197640 99% 
 Tow 9/21 P-16w 
Bot 11 Bendateich, 
Vienna 
Red L B. braunii AY197640 99% 
 Tow 9/21 P-16w 
Bot 13 Zwillingssee, 
Vienna 
Light-green B B. braunii GU951518 99% AGB-Bb01 
 
Bot 16 Schillerwasser Light-green B B. braunii FR865761 99% CCAP 807/2 
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Table 2: Primers used for different target regions; SSU... small subunit, ITS... internal transcribed 
spacers. 
Primer Sequence (5’ – 3’) Target Reference 
EAF3: TCGACAATCTGGTTGATCCTGCCAG SSU (Pröschold et al. 2001) 
ITS055R CTCCTTGGTCCGTGTTTCAAGACGGG ITS (Marin et al. 1998) 
E528F TGCCAGCAGCYGCGGTAATTCCAGC SSU (Marin et al. 1998) 
BR TTGATCCTTCTGCAGGTTCACCTAC SSU (Marin et al. 1998) 
N920R TTCCGTCAATTCCTTTRAGTTTC SSU Modified according to (Marin et al. 1998) 
18SF2 ACCACATCCAAGGAAGGCAGCAG SSU (Chen et al. 2012, submitted in BMC) 
18SR1 ACGCTATTGGAGCTGGAATTACCGC SSU (Chen et al. 2012, submitted in BMC) 
GF GGGATCCGTTTCCGTAGGTGAACCTGC ITS (Coleman & Vacquier 2002) 
GR GGGATCCATATGCTTAAGTTCAGCGGGT ITS (Coleman et al. 1994) 
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Table 3: Minimum, mean and maximum values of length, width and legth:width-ratios of observed 
Botryococcus-strains. 
Strain # 
Length:width-ratio mean 
min – mean - max 
Length [µm] 
min – mean - max 
Width [µm] 
min – mean - max 
Bot 3 0.98 – 1.31 – 1.80 6.93 – 9.80 – 14.57 4.95 – 7.58 – 10.69 
Bot 4 0.98 – 1.17 – 1.46 8.46 – 11.01 – 15.65 6.53 – 9.32 – 13.16 
Bot 5 1.05 – 1.44 – 1.97 8.47 – 10.52 – 13.31 5.08 – 7.46 – 10.00 
Bot 7 1.01 – 1.32 – 1.73 8.57 – 11.29 – 11.31 5.65 – 8.51 – 9.18 
Bot 11 1.07 – 1.51 – 2.17 6.88 – 10.01 – 14.94 4.03 – 6.7 – 9.59 
Bot 13 1.17 – 1.62 – 2.29 8.35 – 11.70 – 16.37 4.75 – 6.98 – 10.75 
Bot 16 0.98 – 1.35 – 1.88 9.43 – 12.52 – 17.54 5.26 – 9.38 – 12.51 
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Table 4: P-values of lengths, widths and length:width-ratios calculated with pairwise Mann-Whitney-
Wilcoxon rank sum tests. Bold values propose statistical similarity; regular values indicate significant 
differences. 
Strain #  Bot 11 Bot 13 Bot 16 Bot 3 Bot 4 Bot 5 
Bot 13 
length 
width 
l:w ratio 
1.5e-05 
0.5260 
0.00861 
/ / / / / 
Bot 16 
length 
width 
l:w ratio 
7.4e-16 
< 2e-16 
1.5e-05 
0.0155 
< 2e-16 
3.2e-15 
/ / / / 
Bot 3 
length 
width 
l:w ratio 
1.0000 
1.2e-06 
1.1e-10 
< 2e-16 
0.0623 
1.4e-10 
< 2e-16 
1.4e-14 
1.00000 
/ / / 
Bot 4 
length 
width 
l:w ratio 
0.0055   
< 2e-16 
< 2e-16 
1.0000   
< 2e-16 
< 2e-16 
1.5e-08 
1.0000   
3.8e-11 
6.6e-09 
1.7e-15 
4.3e-08 
/ / 
Bot 5 
length 
width 
l:w ratio 
0.6228   
3.3e-05 
0.07635 
0.0126   
0.3673   
6.7e-10 
1.1e-13 
4.5e-16 
0.21750 
2.4e-05 
1.0000   
6.6e-05 
1.0000 
< 2e-16 
< 2e-16 
/ 
Bot 7 
length 
width 
l:w ratio 
2.2e-06 
< 2e-16 
1.2e-09 
1.0000   
1.5e-13 
< 2e-16 
1.4e-05 
0.0017   
1.00000 
5.4e-13 
1.2e-08 
1.00000 
0.5311 
0.0067   
2.1e-08 
0.0015 
1.7e-10 
0.00033 
!
 58 
  
 59 
 
 
 
 
 
 
 
 
 
 
 Manuscript 2 
 The following manuscript was accomplished according to the guidelines of 
journal „Journal of Applied Phycology“ 
 60 
  
Phylogenetic (SSU) and fatty acid analysis of Choricystis (Trebouxiophyceae) - 
does this genus have some potential for industry? 
 
Markus Gruber a*, Tatyana Darienko b, Franz Jirsa c, Thomas Pröschold b and Michael 
Schagerl a 
 
a Department of Limnology, Althanstrasse 14, A-1090 Vienna, Austria 
b University of Rostock, D-18051 Rostock, Germany 
c University of Vienna, Institute of Inorganic Chemistry, Währingerstrass 42, 1090 Vienna, Austria 
 
* Corresponding author 
 
 
Keywords: Coccomyxa, Nannochloris, Nile Red, Fluorimetry, SSU 
 
 
Abbrevations: 
FA…Fatty acid 
GC/MS…Gas chromatography / Mass spectrometry 
ML…Maximum likelihood 
MP…Maximum parsimony 
NJ…Neighbour joining 
SSU…Small subunit 
  
 61 
Abstract 
In previous studies, the genus Choricystis has turned out to form a monophyletic 
clade with Botryococcus braunii within the Trebouxiophyceae. Scientists and 
Biotechnologists have focused earlier on B. braunii due to its potential to synthesize 
a wide range of hydrocarbons and lipids. Therefore we drew our attention to the 
“Choricystis”-clade as this group might contain a promising strain for industrial 
purposes. In this integrative approach, several strains from the algal culture 
collections SAG and CAUP were investigated and compared in terms of phylogeny 
(SSU), fatty acid profiles, morphology and growth parameters. Both, phylogenetic 
and morphologic analyses revealed that the observed CAUP-strains did not belong to 
the genus of Choricystis; in fact, they were classified into the genera Coccomyxa and 
Nannochloris, genera that are still rather closely related to B. braunii. Fatty acid 
profiles revealed considerable differences in dynamic airlift cultures among the 
different strains.  Different growth conditions led to different qualitative fatty acid 
profiles. Docosanoic acid was only detected in two static cultures of Choricystis-
strains SAG 17.98  and SAG 251-1. The relatively high presence of C18:3 fatty acids 
proposes that several strains could be used as food supplementaries, however, fatty 
acid analyses seem to be strain-specific and extremely variable depending on growth 
conditions and extraction methods. 
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Introduction 
During the last decades, algae culturing has been considered for obtaining industrial 
and commercial products such as fine chemicals (food supplementaries, pigments) or 
for biodiesel production (Pulz & Gross 2004). In this context, phycologists and 
bioengineers have put their efforts to obtain such chemicals mainly from algae out of 
the genera Chlamydomonas, Chlorella, Dunaliella, Haematococcus, Nannochloropsis 
or Spirulina. The requirements of the markets are, however not fully satisfied yet and 
further research is needed to find more suitable strains or cheaper ways to gain 
prospective and beneficial products from algae such as biodiesel or fatty acids (FAs). 
One taxon with a large potential for a commercial use is Botryococcus braunii. B. 
braunii was extensively studied since the early seventies; lipid contents of up to 86 % 
dry mass-1 were mentioned (Brown et al. 1969). Furthermore, B. braunii produces a 
wide range of long-chained hydrocarbons and ether-lipids (Metzger & Largeau 1999, 
Metzger & Largeau 2005). The genus Botryococcus can be distinguished into three 
chemotypes; race A produces odd numbered C23-C31 alkadienes and alkatrienes, 
race B is known to synthesize C30 – C37 botryococcenes and squalenes and race L 
produces just one single C40 hydrocarbon chain, namely Lycopadiene (Metzger and 
Largeau 2005). However, it is generally accepted that strains of B. braunii are 
growing far to slow for commercial or industrial purposes, having mass doubling 
times of approximately only 6 d in static grown cultures or 40 h in CO2-enriched 
cultures (Wolf et al. 1985). An approach to overcome this problem is genetic 
engineering (Radakovits et al. 2010); another idea, which we followed, is to 
investigate closely related genera of Botryococcus with faster growth potential. 
Recent SSU analyses revealed that within the order of the Trebouxiophyceae, 
Choricystis minor (Skuja) FOTT 1976 forms a monophyletic clade together with 
Botryococcus braunii and the genus Nannochloris (Senousy et al. 2004, Pröschold et 
al. 2011, Zalocar de Domitrovic et al. 2007). In general, C. minor is a freshwater 
microalga that occurs worldwide in nutrient poor lakes (Sobczuk & Chisti 2010) and in 
stagnant inland water bodies (Hepperle & Krienitz 2001). It was observed that C. 
minor is rather tolerant in terms of nutrient, pH and temperature changes (Belykh et 
al. 2000, Zidarova & Pouneva 2006, Zalocar de Domitrovic et al. 2007). In general, 
this pico-planktonic genus consists of unicellular, oval to reniform or pyriform cells 
containing a single parental chloroplast, which lack a pyrenoid. Sexual reproduction 
is unknown, asexual reproduction occurs by producing two or four autospores per 
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sporangium. Due to its small cell diameters (length: 1.5 – 6 µm, width: 1 – 3 µm) and 
the problems of light-microscopical identification, C. minor has previously been mixed 
up with other genera. Already in 1996, Krienitz et al. (Krienitz et al. 1996) and 
collaborators have documented taxonomic problems occurring with ‘Nannochloris-like 
algae’. Recent studies have already investigated the FA contents of C. minor and 
proposed its usability for biodiesel production in continuous cultures (Sobczuk & 
Chisti 2010) and its importance in aquatic food webs (Krienitz & Wirth 2006). 
Unfortunately, Sobczuk and Chisti did not give a strain number, so it remains unclear 
if the cultured alga really belonged to the genus Choricystis as phylogenetic analyses 
were not conducted either. 
In this study, we investigated if C. minor has a similar potential to synthesize a high 
variation of long-chained hydrocarbons similarily to the well investigated 
Botryococcus chemotypes. We compared growth parameters and FA profiles of 
several airlift-cultured strains from the SAG (Sammlung von Algenkulturen Göttingen) 
and from the Culture Collection of Charles University in Prague (CAUP) designated 
as Choricystis. Furthermore, the two SAG-strains were cultured in static Erlenmeyer-
flasks in order to compare how growth parameters and FA-profiles differ from airlift-
cultures when exposed to concentration gradients with inefficient nutrient supply. In 
addition, molecular phylogeny (SSU) and morphology of each strain were analyzed 
to see if strain specifities can be observed in FA-profiles.  
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Material and methods 
Culture conditions 
Strains were obtained from the culture collections SAG and CAUP. For our 
experiments, we used batch cultures and unialgal, but not axenic strains.  
CAUP and SAG-strains (Table 1 and Table 2) were grown in replicates at an 
irradiance of 25 µmol m-2 s-1 in Kuhl-Medium (Kuhl & Lorenzen 1964) in dynamic 500 
mL tubular airlift reactors at 14 h light to 10 hours dark cycles. In addition, Choricystis 
minor SAG 17.98 and SAG 251-1 were grown in quadruplets in three-fold nitrogen 
enriched (3N) BBM+V medium (Bold 1949, Bischoff & Bold 1963) under 16 h light to 
8 h dark cycles at a mean irradiance of 12 µmol m-2 s-1 in static Erlenmeyer flasks. To 
decrease heterogeneity of the samples, Erlenmeyer flask positions were exchanged 
once a week in the climate chamber; they were shaken twice a week to prevent 
extensive self-shading of bottom layers. 
 
Dry mass determination and optical density 
Algal suspensions were filtered through MGC glass-microfibre discs (Munktell) and 
dried at 90° C until weight constancy was reached. Dry mass (standardized method 
with a Sartorius MC 1 Research) and optical density (Hitachi U 2001) at 550 nm were 
determined simultaneously in 1- to 4 week intervals depending on the growth rates. 
Specific growth rates were calculated in terms of weight alterations (Wood et al. 
2005) and optical density measurements: µ= ln(N2/N1)/(t2-t1), where N1 and N2 = 
biomass at time 1 (t1) and time 2 (t2). Doubling times td were calculated by 0.69/µ. 
 
Nile Red staining 
To get relative measures of total lipid contents, Nile Red staining was applied. Algal 
suspensions were stained according to Lee et al. (Lee et al. 1998) and analyzed with 
a Spectrofluorometer (Shimadzu RF-5301) applied with a 490 nm narrow band 
excitation filter and a 585 nm narrow band emission filter. The auto-zero function was 
used to substract the autofluorescene of each unstained suspension before 
measuring the Nile-Red-stained algal suspension. Measurements were conducted 
exactly 10 min after Nile Red addition and, in the meantime, samples were kept in 
complete darkness. 
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FA extraction and GC/MS analysis 
Algal suspensions were freeze-dried and extracted according to Krienitz and Wirth 
(Krienitz & Wirth 2006) in chloroform/methanol-solvent (2:1 v/v): to each sample, 0.4 
mg tridecanoic acid were added as an internal standard before extracting in an 
ultrasonic water bath for 90 minutes. Afterwards, centrifugation was done at 4,000 
RPM for 10 min to get rid of the cell debris; the supernatant was transferred into a 
new vial. After the supernatant was evaporated in the exhaust hood at RT, 1 mL 
tertiary butyl methyl ether (Sigma Aldrich) were added and mixed before filtering it 
with a Phenex – NY 17 mm syringe filter into a GC/MS vial. For esterification of the 
lipids, 250 µL tri-methyl-sulfonium-hydroxide (Sigma Aldrich) were added into each 
vial (esterification was performed at 260° in the GC/MS). 
Identification of FAs was conducted with a Clarus 600 GC-MS (Perkin Elmer) applied 
with a ELITE-5MS column (30 m, 25µm, 0.25 mm) for substance-separation. 
Parameter of GC/MS were set as follows: Injection temperature at 260° C; helium-
inflow speed of 1.3 mL min-1. Starting temperature was set to 80°C with a 
temperature increase of 4°C min-1 until 240° C were reached and further held for 19 
min (total time 60 min). The MS was scanning masses at m/z (mass-to-charge ratio, 
unitless) 30 – 600; in order to detect and identify characteristic fragments of FAME 
(fatty acid methyl esters) (depending on the total abundance of double bonds within 
the molecule), single ion mode was detecting masses at 74, 55, 67 and 79. A 
standard FAME-Mix (C14 - 22, Fluka) and retention times were used in combination 
with mass spectra of the NIST database (NIST Standard Reference Database, 
version 2.0). FAs were determined semiquantitatively by using integrated total ion 
change (TIC) areas in relation to the highest FA-peak. 
 
SSU rDNA analysis 
Genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen GmbH) and 
the enclosed manual. The 18S, 5.8S and ITS rDNA-regions were amplified by PCR 
according to Pröschold et al. (Pröschold et al. 2011) using the Taq PCR Mastermix 
Kit (Qiagen GmbH) with the primers EAF3 and ITS055R (see Table 3). PCR 
products were purified with the QIAquick PCR Purification Kit (Qiagen GmbH) and 
finally sequenced with the BigDye® Kit (ABI, Applied Biosystems). For sequencing, 6 
primers, three forward and three reverse, were used in order to amplify the whole 
18S rDNA. Sequence assembly was arranged with the software DNA Baser (R-
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Development-Core-Team 2011) and manually assembled when needed. Multiple 
Sequence alignment was conducted and edited with the open source software 
JalView (Version 11) (Clamp et al. 2004) and the implemented MAFFT web-plugin 
(Katoh et al. 2005). Phylogenetic trees were calculated in RAxML GUI (v1.0) 
(Stamatakis 2006) and PAUP 4.0b (Swofford 2002). Bootstrap analyses (100 
replicates) were conducted in RAxML (ML) and in PAUP 4.0b (MP + NJ). Trees were 
depicted with Mesquite (version 2.75) (Maddison & Maddison 2011). For phylogenetic 
inference, a modified alignment of Darienko et al (2010) with additional sequences, 
derived from NCBI was applied. 
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Results 
Growth parameters 
In Figure 1 log-log-growth curves based on optical densities show, as inferred, great 
differences between static and dynamic cultures. During the exponential growth 
phase, mean td of both dynamic SAG strains (td = 0.35, n=2) were 10 times faster 
compared to static Erlenmeyer cultures (td = 0.03, n = 4) (Table 1, Figure 1 and Figure 
4). Shortest td was observed in dynamic culture CAUP H5102 (mean = 0.68 d) 
inclusive a comparative high variation (SD = 0.46). Except for CAUP H5107 (mean td 
= 0.14), mean td of remaining CAUP-strains ranged from 0.32 to 0.35 (Figure 3). 
Strain CAUP H5102 was growing fastest followed by SAG 251-1 (Table 1). 
Molecular phylogeny 
Our phylogenetic analyses revealed that the strains designated as Choricystis were 
distributed polyphyletically within the Trebouxiophyceae (Figure 5). The phylogenetic 
tree was calculated based on 133 taxa and 1747 aligned base positions using the 
GTR model (Final ML Optimization Likelihood: -lnL  = 12969.8308; A =  0.247347, C 
=  0.219001, G = 0.279774, T =  0.253878, [A-C] =  0.898017, [A-G] =  1.695913, [A-
T] = 0.808880, [C-G] = 1.285606, [C-T] = 4.816048, [G-T] = 1.0000, alpha = 
0.197663) in RAxML with majority rule. Strains originally identified as “Choricystis” 
actually belong to different genera (Table 2). CAUP H5102 and CAUP H5104, which 
were identified as Nannochloris sp., appeared to be closely related to the genus 
Catena, another trebouxiophycean alga. The remaining CAUP-strains turned out to 
be closely related to several taxa of the genus Coccomyxa within the Elliptochloris-
clade which is a sister-clade of the Choricystis-clade. CAUP H5107 was referred to 
as  Coccomyxa rayssiae; CAUP H5105 made up a monophyletic lineage within the 
Elliptochloris clade with Coccomyxa pringsheimii (SAG 69.80). Therefore, the SAG-
strains were the only strains out of the Choricystis-clade . 
 
Morphology 
From a morphological point of view, Choricystis minor (SAG 17.98 and 251-1) and 
Nannochloris sp. showed similar cell parameters, as mentioned previously (Krienitz 
et al. 1996); similar cell shapes (coccoid to slightly elliptic) with comparable cell 
diameters were observed among the following strains:  
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C. minor (SAG 17.98): mean length: 4.39 µm, mean width: 2.77 µm;  
C. minor (SAG 251-1): mean length: 3.30 µm, mean width: 2.41 µm; 
Nannochloris sp. (CAUP H 5102): mean length: 2.44 µm; mean width: 1.89 µm; 
Nannochloris sp. (CAUP H 5104): mean length: 3.70 µm; mean width: 2.37 µm; 
(Table 2, Figure 8) 
Morphologic traits were compared with existing literature (Ettl & Gärtner 1995) and 
seemed to prove the congruence with molecular phylogeny. In both strains, newly 
designated as Nannochloris sp. (CAUP H5102 and H5104), no naked pyrenoids were 
visible and cells were not as assymetrical as in the two Choricystis minor-strains from 
the SAG. Moreover, the majority of Choricystis minor-designated strains had a clear 
oil-droplet on the apikal part of the bean-like cells which was documented by Lothar 
Krienitz et al in 1996 with TEM. The remaining strains, due to morphological and 
BLAST-search results, propose that they belong to several species within the genus 
Coccomyxa (Figure 8C, E, G, H; Table 2). Identification of the taxa with the “Syllabus” 
(Ettl & Gärtner 1995) resulted in Coccomyxa confluens for CAUP H 5101, CAUP 
H5105 and CAUP H 5107; CAUP H 5103 was identified as Coccomyxa brevis due to 
smaller cell parameters. Howsoever, further designations through the text refer to the 
phylogenetic identifications as the algaebase offers 34 different variations with 
phylogenetic support and Gärtner and Ettl offer 30 morphological varieties. 
 
FAs 
Nile red staining of static-grown SAG-strains showed an increasing trend of Nile-Red 
fluorescence over experiment time (Figure 2). In relation to the drymass, Nile Red 
fluorescence decreased (SAG 17.98: Start: 0.576 r.f.u. dw-1; End: 0.119; SAG 251-1: 
Start: 0.795; End: 0.103 r.f.u. dw-1) with ongoing experiment time. 
Comparison of FAs within dynamically grown strains revealed considerable 
differences among relative acid profiles. The highest percentages of unsaturated 
FAs, in that case palmitic acid (C16:0), were observed in CAUP H5103 and H5104 
(83.7 and 74.6 %). Among the PUFA’s especially C18:3, most likely alpha-linolenic 
acid was detected. Highest relative abundances of the latter were found in dynamic 
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strains CAUP H5102 Nannochloris sp. (54.4 %), SAG 17.98 Choricystis minor (45.5 
%) and CAUP H5105 Coccomyxa pringsheimii (44.5 %)(Figure 6). Between the 
investigated static Erlenmeyer-flask grown SAG-strains, no significant differences 
were found in relative TIC areas of FAs (Mann-Whitney, p > 0.05, n = 4). In every 
single static SAG replica, docosanoic acid was detected (means 4.9 and 2.6 %, Figure 
7) but only minor in strain SAG251-1 under dynamic conditions (mean 0.4 %, Figure 7) 
and never among the dynamic CAUP-strains. 
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Discussion 
Cryptic algae, such as C. minor, Nannochloris sp. etc, can easily be mixed up, even 
by highly skilled specialists, especially, if no autospores are available for 
identification. The authors believe that for biotechnological purposes it is essential to 
know what kind of organism is really grown in order to identify strains with great 
potential. Some algae attach to the glass wall, may it be because of the its 
conspicuous physiology or due to the growth medium; others do not produce the 
needed products. Therefore, if you consider the screening of suitable algae for 
industrial purposes, phylogenetic identification is inevitable in order to see if these 
kind of organisms were already dealt with earlier. 
If you take a look at the photoplate (Figure 8) it is obvious that there are tremendous 
morphological differences in sizes and cell shapes, even for non-phycologists. On the 
one hand, the two SAG-strains SAG 17.98 and SAG 251-1, designated as 
Choricystis minor and the two CAUP-strains designated as Nannochloris sp. (CAUP 
H5102 and CAUP H5104) have a rather spherical to weak elliptic cell-form with cell 
diameters ranging from 2-4 µm. On the other hand, the cells of the remaining strains 
occur to be much more fusiform and have longer cell lengths ranging from 5 to 8 µm. 
Although some coccal green algae are tough to identifiy, herein especially 
“Nannochloris-like algae”, and phylogeny is still in movement within the Chlorophyta, 
the original designation as “Choricystis” seems to be an artifact as morphology is 
clearly different from the general traits of this genus. Another explanation would be 
that coccal green algae led to contamination as they often cause problems in algae 
culture collections and during algae isolation (Rodriguez et al. 2008). However, some 
of the observed strains, designated as “Choricystis”, turned out to belong to the 
genus “Coccomyxa” which is supported by morphology, molecular phylogeny and 
sequence similarity of NCBI-blast searches (Table 2). CAUP H5102 showed similar 
cell shapes and sizes compared to its CAUP H5104, both Nannochloris sp. Further 
analyses of the ITS-regions could even reveal more secrets about the genus 
Nannochloris, which seems to be polyphyletic within the order of Trebouxiophyceae 
and not only within the “Choricystis”-clade, as indicated by the phylogenetic tree 
(Figure 5). However, this finding was extensively published earlier and problems of 
morphological species designations, may it be due to sizes, shapes or due to 
categorization by cell division, mentioned (Henley et al. 2004). In that case, ITS-2 
structures could bring bright light into darkness as proposed by different authors 
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earlier (Coleman & Mai 1997).  In our case, CAUP-strains H5102 and H5104 seem to 
be some of those revolutionary “Nannochloris-like” algae that are not as closely 
related to Choricystis minor as SAG 251-2 (Figure 5). More precisely, our 
“Nannochloris”-strains seem to be closely related to Catena viridis, CHODAT, a 
filamentous trebouxiophycean green algae that may have lost its ability to produce 
short filaments (4-16 cells) and mucilage in culture conditions. This characteristic has 
been described previously in other green algae (Hudson 1992). 
 
Cultivation 
Within the static Erlenmeyer cultures the observed Choricystis-strains were growing 
very slowly. The slow growth of the static cultures was most likely not only due to 
nutrient depletion in the vicinity of the cells because of slow diffusion processes but 
maybe also due to low irradiances of only 12 µmol m2 s-1. Among the dynamic airlift 
cultures, having td of 0.35, those two SAG-strains proved its potential; further 
adjustment of media and irradiance would be crucial for further estimations.  
Compared to the aeration cultures the variability was rather low within the static 
cultures. The high variation in the dynamic cultures did not only occur because of the 
smaller sample size, but also because of heterogeneous glass reactors. Some glass 
tube-reactors were having frits and therefore air was injected in little bubbles; some 
tubes lacked this frits and comparatively bigger air bubbles were aerating these 
cultures. It seemed that tubes lacking that kind of frits were growing better than those 
with frits. From our point of view, strain CAUP H5103 Coccomyxa sp. is unsuitable, at 
least when grown in Kuhl-Medium due to strong attachment to the glass walls; for 
industrial applications this is completely impracticable and unnecessary. How this 
alga “acts” in different media is not known so far.  
 
FAs 
Airlift cultured strains showed considerable differences in relative FA-contents, 
therefore, screening for appropriate strains, in our opinion, definitely makes sense. 
Further, in numerous studies it was proven before that FA profiles of algae cultures 
change if exposed to different nutrient concentrations (Guschina & Harwood 2009), 
(Li et al. 2008). We were able to show that under nutrient depleted conditions, FA-
profiles differed even qualitatively as same strains produced different FA-profiles in 
static conditions than in dynamic ones. In static cultures, docosanoic acid was 
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detected, which was not the case in dynamic cultured strains. Of course the question 
arises if longer growth of the aeration experiment would have led to a different FA-
profile with additional PUFA’s or HUFA’s but we did not check on that. The finding of 
docosanoic acid in one airlift SAG 251-1 could indicate that case. A comparison with 
a Mann-Whitney U-test of several parameters (growth parameters, nile red and FAs) 
between static SAG 17.98 and static SAG 251-1 revealed no significant differences 
(p>0.05, n = 4).  
 
During the completion of our FA analysis we realized that our SAG 17.98 is the same 
Choricystis-strain studied by (Krienitz & Wirth 2006). In our samples of SAG 17.98, 
we were not able to detect for unsaturated C22 acids, which could be a result of 
autoxidation processes during the sample preparation or due to reaching detection 
limits of our method. Interestingly, docosanoic acid was not observed (except for 
SAG 251-1) among airlift-cultured strains which supports earlier studies suggesting 
that growth conditions affect FA production (Guschina & Harwood 2009). However, in 
other studies about the genus Nannochloris (Lang et al. 2011) nor docosahexanoic 
acid (C22:6) or docosapentanoic acid (C22:5) neither docosanoic acid were 
observed. Different FA profiles could occur because of different growth conditions, 
strains specifity and / or different extraction methods. We examined the latter case 
when we started our first extractions. In one approach, extraction of FAs was 
conducted at 60 °C but this approach was discarded as no single unsaturated FA 
was detected (data not shown). In one study (Viso & Marty 1993), it was investigated 
that Nannochloris sp. produced up to 57.7% of C18:1 whereas C18:3 was only 
detected in small amounts (0.2 %). Lang et al. (2011) measured a higher variability of  
C18 FAs in Nannochloris sp. (C18:1 23.9%, C18:2 10.8%, C18:3 28.2%). Both 
studies are in contrast to our findings as palmitic acid (C16:0) represented the lion’s 
share (74.6 %) in our Nannochloris-strain CAUP H5104. Moreover, relative 
abundances of other FAs reached 20.7% for C18:0, 0.7% for C18:2 and 4% for 
C18:3, in the latter strain combined with high standard deviations. But, production of 
FAs seems to be strain-specific as CAUP H5102, the other Nannochloris-strain 
showed a completely different FA-profile too (C18:3 54.5% and C16:0 31.4%).  
In a frequently cited review on biodiesel production from oleaginous microorganisms 
(Meng et al. 2009), it is mentioned that high contents of stearic (C18:0) and oleic acid 
(C18:1) would be required for industrial needs. Among our strains, strain CAUP 
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H5104 had highest relative content for C18:0 of 20.7 %; C18:1 was not detected in 
any of our strains. However, the most rational economic approach to exploit 
microalgae is most likely to yield a broad variety of products, e. g. fine chemicals 
such as biodiesel (Meng et al. 2009), food supplementaries, pigments (Pulz & Gross 
2004) or H2-production (Hankamer et al. 2007) in combination with biogas production 
by anaerobic biomass digestion (Salerno et al. 2009). The CAUP H5102 and H5105 
showed the highest amounts in C18:3 and could therefore be interesting strains for 
the production of PUFA’s for health products and might also play an important role in 
aquatic foodwebs. 
In this paper we want to emphasize on the importance of screening for commercially 
interesting algae strains, to isolate algae and produce unialgal strains and to store 
them in culture collections. Algae are extremely efficient organisms and compared to 
crop plants lack the problems of extensive land-use-efficiency. Although culturing is 
the limiting factor for commercial usage, further research is a requisite and a chance 
at once to decrease CO2-outgassing from fossil fuels although it most likely won’t be 
the universal cure to insanity.  
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Figure 1: Log-log scaled growth curves of static and dynamic cultures’ optical densities.  
 
Figure 2: Growth curves in and Nile Red fluorescence of static cultures. 
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Figure 3: Doubling times of static (n=4) and and dynamic cultures (n=2).  
 
 
Figure 4: Growth curves of dynamic cultures in addition to Figure 1 for a better resolution; given are 
mean values of optical densities; n=2. 
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Figure 5: Molecular phylogeny of investigated strains within the Trebouxiophyceae based on SSU rDNA sequences, inferred by maximum likelihood (ML) based 
on 133 taxa and 1747 aligned base positions using the GTR model (-lnL  = 12969.8308,; A =  0.247347, C =  0.219001, G = 0.279774, T =  0.253878, [A-C] =  
0.898017, [A-G] =  1.695913, [A-T] = 0.808880, [C-G] = 1.285606, [C-T] = 4.816048, [G-T] = 1.0000, alpha = 0.197663) by RAxML, majority rule; the “Oocystis”-
clade was used as outgroup. The scale at the bottom gives relative tree lengths. MP and NJ were inferred by PAUP4.0b10 (Oocystis as outer group too) 
Sequence alignment was extended by Darienko et al. (2010) and other sequences; clade designation follows Proeschold & Leliaert (2007). Investigated Taxa are 
depicted in bold. 
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Figure 6: Relative FAME-TIC-areas of differently grown strains in percent; air = dynamic cultures (n = 
2, except SAG 17.98 n =1), amb = static static cultures (n = 4). 
 
 
Figure 7: Comparison of FAME-TIC areas in percent between static (amb, n = 4) and dynamic (air, n = 
2) SAG-strains. 
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Figure 8: Photoplate of the investigated algae-strains. Scale bars: 10 µm; microphotographs taken by 
Markus Gruber and Michael Schagerl 
A) SAG 17.98 Choricystis minor 
B) SAG 251-1 Choricystis minor 
C) CAUP H5101 Coccomyxa sp. 
D) CAUP H5102 Nannochloris sp. 
E) CAUP H5103 Coccomyxa sp. 
F) CAUP H5104 Nannochloris sp. 
G) CAUP H5105 Coccomyxa pringsheimii 
H) CAUP H5107 Coccomyxa rayssiae. 
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Table 1: Growth parameters; n gives the number of replicates; values are calculated ± SD; Among culture conditions, open circles are indicating strains where 
glass-tubes with and without frits where used. Black points indicate cultures only grown in glass-tubes with frits and thus small bubbles. The black diamond tags 
strains that strongly attached to the glass-tube wall. 
Culture 
strain 
Culture 
conditions 
n Medium 
Growth 
rate 
Doubling 
time 
Drymass per 
volume 
[µg mL-1] 
Nile Red 
fluorescence 
mg-1 drymass 
SAG 17.98 Static 4 3N BBM V+ 0.02 ± 0.00 0.03 ± 0.00 1141.7 ± 272.3 0.119 ± 0.028 
SAG 251-1 Static 4 3N BBM V+ 0.02 ± 0.00 0.03 ± 0.00 1269.2 ± 218.2 0.103 ± 0.017 
SAG 17.98 Dynamic  2 Kuhl 0.25 ± 0.02 0.35 ± 0.03 167.5 ± 14.1 0.078 ± 0.023 
SAG 251-1 Dynamic  2 Kuhl 0.25 ± 0.00 0.35 ± 0.01 312.5 ± 53.0 0.067 ± 0.008 
CAUP H5101 Dynamic  2 Kuhl 0.24 ± 0.03 0.35 ± 0.04 383.75 ± 122.0 0.076 ± 0.028 
CAUP H5102 Dynamic  2 Kuhl 0.24 ± 0.32 0.68 ± 0.46 381.25 ± 104.3 0.051 ± 0.008 
CAUP H5103   Dynamic  2 Kuhl 0.47 ± 0.11 0.36 ± 0.16 212.5 ± 155.6 0.118 ± 0.019 
CAUP H5104 Dynamic  2 Kuhl 0.25 ± 0.03 0.44 ± 0.04 357.5 ± 31.8 0.174 ± 0.024 
CAUP H5105 Dynamic  1 Kuhl 0.22 0.32 287.5 0.037 
CAUP H5107 Dynamic  2 Kuhl 0.14 ± 0.03 0.30 ± 0.04 305 ± 21.2 0.036 ± 0.004 
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Table 2: Morphological measures and results of SSU-BLAST search for the obtained sequences; BLAST-search revealed that all strains derived from the CAUP 
belonged to different genera.  
Culture strain Former designation NCBI-identification of 18S rDNA 
Similar to 
NCBI # 
Max 
ident 
Cell length 
[µm] 
Cell width 
[µm] 
Length : 
Width ratio 
SAG 17.98 
Choricystis minor 
(SKUJA) FOTT 
Choricystis minor (SKUJA) FOTT AY762605 / 4.39 ± 0.55 2.77 ± 0.52 1.62 ± 0.25 
SAG 251-1 
Choricystis minor 
(SKUJA) FOTT 
Choricystis minor (SKUJA) FOTT X89012.2 / 3.30 ± 0.42 2.41 ± 0.33 1.39 ± 0.22 
CAUP H5101 
Choricystis chodatii 
(JAAG) FOTT 
Coccomyxa sp. (CCAP 216/24) FN298927.1 98% 7.25 ± 0.99 3.14 ± 0.46 2.34 ± 0.34 
CAUP H5102 
Choricystis hindakii 
TELL 
Nannochloris sp.  (AS 2-10) AY762603.1 99% 2.44 ± 0.36 1.89 ± 0.35 1.32 ± 0.2 
CAUP H5103 Choricystis sp. Coccomyxa sp. (SAG 2325) AJ302939.1 99% 5.78 ± 0.68 2.88 ± 0.39 2.03 ± 0.24 
CAUP H5104 Choricystis sp. Nannochloris sp. (AS2-10) AY195968.1 99% 3.70 ± 0.54 2.37 ± 0.23 1.59 ± 0.33 
CAUP H5105 Choricystis sp. Coccomyxa rayssiae (UTEX273) HQ317304.1 99% 7.07 ± 0.67 3.59 ± 0.42 1.98 ± 0.22 
CAUP H5107 Choricystis sp. Coccomyxa rayssiae (UTEX273) HQ317304.1 99% 8.31 ± 1.17 3.20 ± 0.32 2.61 ± 0.34 
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Table 3. Primers used for different target regions. SSU… small subunit; ITS… internal transcribed spacers. 
Primer Sequence (5’ – 3’) Target Reference 
EAF3: TCGACAATCTGGTTGATCCTGCCAG SSU (Pröschold et al. 2001) 
ITS055R CTCCTTGGTCCGTGTTTCAAGACGGG ITS (Marin et al. 1998) 
E528F TGCCAGCAGCYGCGGTAATTCCAGC SSU (Marin et al. 1998) 
BR TTGATCCTTCTGCAGGTTCACCTAC SSU (Marin et al. 1998) 
N920R TTCCGTCAATTCCTTTRAGTTTC SSU Modified according to Marin et al. (1998) 
18SF2 ACCACATCCAAGGAAGGCAGCAG SSU (Chen et al. 2012), submitted in BMC Biology 
18SR1 ACGCTATTGGAGCTGGAATTACCGC SSU (Chen et al. 2012), submitted in BMC Biology 
GF GGGATCCGTTTCCGTAGGTGAACCTGC ITS (Coleman & Vacquier 2002) 
GR GGGATCCATATGCTTAAGTTCAGCGGGT ITS (Coleman et al. 1994) 
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Table 4: TIC mean areasof total FAME in percent minus internal standards. Standard deviation of static cultures according to n=4; dynamic cultures n=2.  
Culture 
strain 
Culture 
conditions 
Medium TIC-mean areas of FAME in percent of identified FAME with SD 
 C16:0 C 16:1 C18:0 C 18:2 C18:3 C22:0 
SAG 17.98 Static 3N BBM V+ 58.6 ± 1.5 0.2 ± 0.0 9.0 ± 1.6 1.6 ± 0.4 25.7 ± 4.5 4.6 ± 0.2 
SAG 251-1 Static 3N BBM V+ 52.0 ± 4.3 1.7 ± 0.4 7.1 ± 01.4 2.1 ± 2.1 30.64 ± 2.0 2.6 ± 1.9 
SAG 17.98 Dynamic Kuhl 46.1 0.5 3.4 4.3 45.7 - 
SAG 251-1 Dynamic Kuhl 47.6 ± 0.9 0.5 ± 0.3 10.2 ± 3.9 8.1 ± 3.2 33.1 ± 6.5 0.4 ± 0.6 
CAUP H5101 Dynamic Kuhl 53.0 ± 1.3 - 4.9 ± 2.4 4.2 ± 1.2 37.0 ± 4.9 - 
CAUP H5102 Dynamic Kuhl 31.4 ± 2.5 4.7 ± 0.3 5.3 ± 1.3 4.1 ± 0.5 54.5 ± 2.9 - 
CAUP H5103 Dynamic Kuhl 83.7 ± 6.1 - 14.3 ± 8.9 0.7 ± 1.0 1.3 ± 1.8 - 
CAUP H5104 Dynamic Kuhl 74.6 ± 3.7 - 20.7 ± 2.8 0.7 ± 0.9 4.0 ± 5.6 - 
CAUP H5105 Dynamic Kuhl 44.1 0.2 9.9 1.3 44.5 - 
CAUP H5107 Dynamic Kuhl 39.9 ± 14.4 0.2 ± 0.0 9.3 ± 6.3 18.3 ± 21.8 32.3 ± 1.2 - 
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Zusammenfassung 
Grünalgen spielen eine wichtige Rolle als Primärproduzenten in aquatischen 
Nahrungsnetzen und dienen als Ernährungsgrundlage für viele Zooplankter. Botryococcus 
braunii ist eine koloniale Grünalge, die in eine heterogene Gruppe innerhalb der 
Grünalgen, der Trebouxiophyceae, fällt. Heterogen deshalb, weil diese Gruppe sowohl 
aquatische als auch terrestrische Algen beinhaltet. B. braunii fiel ins Auge von 
Biotechnologen, da sie bis zu 86% des Trockengewichtes in Lipide zu synthetisieren 
vermag. Das besondere an den Lipiden, die von B. braunii synthetisiert werden ist, dass 
es sich hierbei vor allem um langkettige Kohlenwasserstoffe handelt, und dass diese mehr 
oder weniger in die aquatische Umgebung entlassen was eine Extraktion einfach 
erscheinen lässt. Aufgrund der verschiedenen Kettenlängen der produzierten 
Kohlenwasserstoffe, wurde das Taxon in so genannte Rassen (=Chemotypen) gegliedert. 
In dieser integrativen Studie wurden Algen dieser Art aus Gewässern in Oberösterreich 
und Wien isoliert, kultiviert und dann aufgrund molekularer Phylogenie, Morphologie und 
Kohlenwasserstoff-Rassen untersucht. Die molekulare Phylogenie wurde mit Polymerase 
Kettenreaktion, die Morphologie mit Lichtmikroskopie und die Kohlenwasserstoffe mit 
Gaschromatographie und Massenspektrometrie untersucht. Zusätzlich wurden Lipide mit 
dem lipophilen Fluoreszenzfarbstoff Nil Rot gefärbt und anschließend mit Konfokaler 
Laser-Scanning Mikroskopie im Kontrast zur Autofluoreszenz der Chloroplasten dargestellt 
um zu erkennen, wo die Lipide synthetisiert werden. Mit Mantel-Tests wurden Matrizen aus 
den unterschiedlichen Datensätzen miteinander verbunden und verglichen. Unsere 
Analysen stehen im Kontrast zu bereits bestehenden Analysen anderer B. braunii-
Stämme, da in unseren Isolaten keine Korrelation der molekularen Phylogenie mit dem 
Kohlenwasserstoff-Rassen erkenntlich war. Interessanterweise stimmten aber einige 
morphologische Parameter mit jenen der ITS-2 Sequenzen signifikant überein, u. a. das 
Längen-zu-Breiten Verhältnis der Zellen. In Anbetracht, dass die Besammlungsstellen der 
B. braunii-Isolate teilweise nur wenige Meter voneinander entfernt waren, war die 
genetische Variabilität basierend auf SSU und ITS-2 größer als angenommen. Analysen 
weiterer Isolate könnten Aufschluss über die schwierige Artabgrenzung innerhalb der 
Gattung Botryococcus geben. 
 
Da B. braunii, wahrscheinlich aufgrund seiner Lipidassimilation, nur langsam wächst, 
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haben wir in einer zweiten Studie acht Stämme (aus den Algenkultursammlungen CAUP 
und SAG) der Gattung Choricystis, welche nahe verwandt ist zu B. braunii, gezüchtet und 
auf eine mögliche Nutzung für industrielle Zwecke untersucht. Diese Stämme wurden auf 
Wachstumsraten, molekulare Phylogenie, Morphologie und Fettsäure-Profile untersucht. In 
einem Ansatz wurden die Algen in dynamischen Belüftungskulturen gezüchtet und auf 
Wachstum und Fettsäure-Profile analysiert; in einem zweiten Ansatz wurden zwei SAG-
Stämme in statischen, unbelüfteten Kulturen angesetzt und das Wachstum und Fettsäure-
Profil mit den belüfteten verglichen. Die molekularbiologischen und morphologischen 
Analysen ergaben, dass die CAUP-Stämme nicht zur Gattung Choricystis, aber zu den 
Gattungen Nannochloris und Coccomyxa, zwei weiteren Gattungen innerhalb der 
Trebouxiophyceae, gehören. Zellverdopplungszeiten waren vergleichbar; die Stämme 
CAUP H5102 und H5104 hatten im Mittel schnellere Zellverdoppelungszeiten (0.68 und 
0.44). Im phylogenetischen Stammbaum zeigten die beiden Nannochloris-Stämme eine 
enge Verwandtschaft zu der Gattung Catena und unterstreichen die Möglichkeit, dass die 
Gattung Nannochloris polyphyletisch ist und daher aufgeteilt werden sollte. Probleme bei 
der Artabgrenzung der Gattungen Choricystis und Nannochloris waren bereits vorher 
bekannt. Die Fettsäure-Profile der Belüftungskulturen zeigten semi-quantitative 
Unterschiede, v. a.  in der Produktion von den gesättigten Fettsäuren Palmitinsäure (C:16) 
und Stearinsäure (C:18) und den ungesättigten C16 und C18-Fettsäuren (C16:1, C18:2 
und C18:3). Eklatant verschieden waren die Fettsäureprofile der beiden Nannochloris-
Stämme. In CAUP H5102 konnten (>50%) von C18:3 nachgewiesen werden wobei in 
CAUP H5104 hauptsächlich Palmitinsäure gefunden wurde (>70%).  Im Vergleich zu den 
Belüftungskulturen, war in den unbelüfteten, echten Choricystis-Kulturen der SAG auch 
Docosansäure (C22:0) zu finden, was ein Novum in diesen Algenarten darstellt und 
eventuell auf die Extraktionsmethode rückzuführen ist; ungesättigte Docosapentaensäure 
(C22:5) oder Docosahexaensäuren (C22:6) wurden bereits früher in Choricystis 
nachgewiesen. Vor allem der Stamm CAUP H5104 scheint aufgrund des hohen Anteils 
von C18:3 für die Produktion von Nahrungsergänzungsmittel geeignet zu sein; CAUP 
H5102 aufgrund der hohen C18:0 Werte für die Biodiesel-Produktion (>20%). Allerdings 
darf man nicht außer Acht lassen, dass sich das Fettsäureprofil durch unterschiedliche 
Wachstumsbedingungen ruckartig ändern kann. 
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Summary 
Green algae are important primary producers in aquatic food webs and serve as basic 
nutrition for several higher trophic levels such as zooplankton. Botryococcus braunii is a 
colonial coccal green algae, that belongs to a rather heterogeneous clade within the green 
lineage, the Trebouxiophyceae. In that case, heterogenous means that this group not only 
consists of aquatic but also of terrestric algae. Due to the fact that B. braunii produces high 
amounts of lipids (up to 86% dw-1), biotechnologists have focused on this taxon since the 
late 60ies. The special feature of the synthesized lipids are that they mainly consist of 
long-chained hydrocarbons and that they are released into the aquatic environment. 
Therefore, extraction of the hydrocarbons seems easy. B. braunii was classified earlier into 
so called „races“ (=chemotypes) according to types and lengths of these hydrocarbons. In 
this integrative study, this alga was isolated from several aquatic waterbodies in Upper 
Austria and the vicinity of Vienna, cultivated and investigated in terms of molecular 
phylogeny, morphology and hydrocarbon-races. Molecular phylogeny was investigated 
with polymerase chain reaction (PCR), morphology with light microscopy and 
hydrocarbons with gas chromatography and mass spectrometry. Furthermore, lipids were 
stained with the lipophilic fluorescence dye Nile Red and in addition with the 
autofluorescence of the chloroplasts depicted with confocal laser scanning microscopy 
(CLSM) to identify the location of lipid-synthesis. For each dataset, several matrices were 
established and compared with Mantel-tests. Our analyses partially are in contrast to 
previous studies that proposed congruency of the “races“ with phylogeny as we could not 
observe that pattern. However, some morphological parameters showed significant 
correlation between morphological traits such as the length:width ratio and mucilage 
stratification with the ITS-2 sequences. Although several isolation sites were only a stone’s 
throw away from each other, a comparatively high genetic variation based on the SSU was 
detected. The analysis of additional isolates would be needed to resolve the species 
delineation within the Botryococcus clade. 
 
Most likely because of the high lipid assimilation, B. braunii is growing only very slowly. 
Therefore, in a second study eight strains derived from two culture collections (SAG and 
CAUP) designated as Choricystis, a closely related genus of B. braunii, were investigated 
in order to estimate the potential for industrial purposes. These strains were grown in 
dynamic airlift cultures and analyzed in terms of molecular phylogeny, morphology and 
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fatty acid profiles. In another approach, two SAG-strains were grown in static unaerated 
conditions and compared with the dynamically grown strains. The molecular biological 
analyses revealed that the strains derived from CAUP belonged to other genera within the 
Trebouxiophyceae, namely Nannochloris and Coccomyxa. Doubling times revealed that 
dynamic cultures were growing ten times faster than static ones. Among the dynamic 
cultures especially CAUP H5102 and CAUP H5104, both identified as Nannochloris sp., 
were growing the fastest (td = 0.68 and 0.44). The phylogenetic tree proposed a close 
relation of the latter with genus Catena and underlines the polyphyly of this “genus“. 
Problems concerning the species delineation between Choricystis and Nannochloris were 
mentioned in previous studies. Fatty acid profiles of dynamic cultures showed semi-
quantitative differences, especially in the detection of saturated acids such as palmitic acid 
(C16:0) and stearic acid (C18:0); further among unsaturated fatty acids such as C16:1, 
C18:2 and C18:3. Significant differences were detected between the fatty acid profiles of 
the two Nannochloris strains. In CAUP H5102 more than 50% of identified fatty acids were 
detected from C18:3 whereas in CAUP 5104 more than 70% of palmitic acid. In contrast to 
the fatty acid profiles of the dynamic SAG-cultures, within the static cultures, docosanoic 
acid (C22:0) was found, which was never detected in this genus earlier and could be due 
to extraction method as docosapenatnoic acid (C22:5) and docosahexanoic acid (C22:6) 
were detected earlier. Concerning industrial usability, especially CAUP H5102 seems, 
because of the relatively high amounts of C18:3, to be a promising strain for production of 
nutrient supplementary. Further, CAUP H5102 could be interesting for biodiesel production 
as 20% of stearic acid were detected and that fatty acid is an interesting fatty acid for 
industrial biodiesel production. 
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Appendix 
Appendix A) Experimental setups 
 
Algae culturing for Manuscript 2 
 
 
DNA analyses of different algae strains (Manuscript 1 and 2) 
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Appendix B) Nutrient media: 
 
3-NBBM+V (Bold Basal medium with 3-fold Nitrogen and Vitamins; modified) (Bold 
1949, Bischoff and Bold 1963) 
 
 mg L-1 dH2O 
NaNO3 750 
CaCl2.2H2O 25 
MgSO4.7H2O 75 
K2HPO4 75 
KH2PO4 175 
NaCl 25 
 
In addition To 1 litre final medium 
Trace element solution (see below) 6.0 mL 
Vitamin B1 (see below) 1.0 mL 
Vitamin B12 (see below) 1.0 mL 
Trace element solution 
Add to 1000 mL of distilled water 0.75 g Na2EDTA and the minerals in exactly the following 
sequence: 
FeCl3.6H2O 97.0 mg 
MnCl2.4H2O 41.0 mg 
ZnCl2 5.0 mg 
CoCl2.6H2O 2.0 mg 
Na2MoO4.2H2O  4.0 mg 
 
Vitamin B1 
0.12 Thiaminhydrochloride in 100 mL distilled water. Filter sterile. 
 
Vitamin B12 
0.1 g Cyanocobalamin in 100 ml distilled water, take 1 mL of this solution and add 99 mL 
distilled water. Filter sterile. 
 
Kuhl-Medium (Kuhl & Lorenzen 1964) 
96 
 
 
 mg in 1000 ml 
KNO3 1011.1 
NaH2PO4. H2O 621 
Na2HPO4 . 2H2O 89 
MgSO4 . 7H2O  246.5 
CaCl2 . 2H2O  14.7 
H3BO3  0.061 
MnSO4 . H2O  0.169 
ZnSO4 . 7H2O  0.287 
CuSO4 . 5H2O  0.00249 
 
Salts were weighed in and soluted in working solutions and added to the media in total as 
given. 
 
 
1 mL Fe-EDTA-solution was added as given below and then autoclaved with the whole 
medium: 
 
The Fe-EDTA complex was soluted as: 0.69 g FeSO4. 7 H2O and 0.93 g Na2-EDTA 
(Titriplex III) were soluted in  80 ml deionized wate rat 100° C. After cooling the solution 
was filled until 100 ml were reached. 
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Appendix C) Additional information Manuscript 1 
 
Plotting of metric measurements of observed Botryococcus strains: 
 
Histogram of cell lengths [µm] 
 
 
 
Histogram of cell widths [µm] 
 
   
 
Histogram of l:w ratios 
 
 
 
Boxplots of lengths [µm], widths [µm] and 
l:w ratios (from left to the right) 
 
 
Table of metric measurements (n=100) and dummy-variables of observed characteristics. 
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Morphotype tree based on the latter table 
of the investigated Botryococcus-strains 
calculated by Wards distance. 
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Appendix D) Additional information Manuscript 2 
 
 
Regression plot of static SAG 17.98 and 
SAG 251-1 optical density and drymass. 
 
 
Dark yield measurements in airlift-cultures 
were conducted to get insight into 
physiological state of the algae with PAM 
(pulse amplitude modulation). The plot 
shows a lag-phase at the start of the 
experiment, a peak at day 8 (stationary 
phase) followed by a decrease (death 
phase). CAUP H5103 and CAUP H5105 
seemed to have the most problems with 
the adaptation to the new conditions. The 
other strains showed rather stable dark 
yields after an adaptation phase of 2 days. 
Dark yields higher than 0.6 or 0.7 indicate 
that the algae “feel good”. 
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Representative GC-Scan spectra 
 
 
Representative GC-scan with identified fatty acid methyl esters; designation as FA. Peaks 
are indicated with black arrows and were identified according to mass spectra (MS) 
comparison with the NIST-database v2.0) or MS main mass identification (m/z). 
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FAME-identification by MS (m/z) 
 
 
Representative depiction of docosanoic acid methyl ester-identification by m/z-peak 
comparison; sample SAG 17.98 in the large box; existing m/z-peaks of NIMC-database 
smaller plot.   
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